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Abstract
Aminoacyl-tRNA synthetases (aaRSs) set up the genetic code by covalently attaching the amino acids
to their cognate tRNAs with a high specificity. For several aaRSs, mismatched products are cleared by
hydrolytic editing mechanisms, which are essential to maintain the fidelity of translation. These editing
mechanisms include pre-transfer editing that targets misactivated adenylate, and post-transfer editing that
hydrolyzes misacylated tRNA. We identified aaRSs in Mycoplasma parasites have point mutations and dele-
tions in their respective editing domains. The deleterious effect on editing was confirmed with Mycoplasma
mobile leucyl-tRNA synthetase (LeuRS) studied in vitro. In vivo mistranslation was determined by mass
spectrometric analysis of proteins produced in the parasite. These mistranslations are uniformly cases where
the predicted closely similar amino acid replaced the correct one. Thus, natural aaRS editing-domain muta-
tions in Mycoplasma parasites cause mistranslation.
We further studied the pre-transfer editing pathway in M. mobile LeuRS and Mycoplasma synoviae
LeuRSs. In both cases, we identified a tRNA-dependent pre-transfer editing activity. However, the pre-
transfer editing is not strong enough to fully suppress misaminoacylation and mistranslation in these organ-
isms.
Pre-transfer editing is considered as a more ancient proofreading pathway, and we investigated its de-
tailed mechanism by unbiased molecular dynamics simulations and umbrella sampling in ∆CP1 LeuRS,
an ideal system for pre-transfer editing investigation. Our results suggested a surprisingly simple model
for pre-transfer editing, which only requires a small rotation of A76 that makes space for a water molecule
to hydrolyze the non-cognate adenylate. As such, the aminoacylation site of the ∆CP1 LeuRS should be
considered as the active site for both aminoacylation and pre-transfer editing reactions; it can be switched
from one to the other by the adenylate bound.
Finally, metadynamics and fluorescence spectroscopy was used to study the binding of ATP to aaRS,
a millisecond process essential for the aminoacylation. The calculated minimum free energy pathway sug-
gested a two-step binding mechanism, which consists of a fast initial binding of triphosphate, followed by
a slow binding of the nucleoside. In the slow nucleoside binding step, a conserved histidine stabilizes the
incoming ATP through base-stacking interaction with adenine. Mutation of this histidine leads to a 26-fold
decrease of ATP binding affinity. Additional metadynamics simulations of the slow binding of nucleoside
identify an intermediate quality control state that aaRS uses to select ATP over other nucleoside triphos-
phates.
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Chapter 1
Introduction
1.1 Quality control in translation
Translation, the process in which functional proteins are synthesized according to codons in the messenger
RNA, is universal and essential to all living organisms. Modern translation machinery consists of ribo-
somes, transfer RNA (tRNA), aminoacyl-tRNA synthetases (aaRSs) as well as numerous other factors such
as elongation factor-Tu (EF-Tu) (Figure 1.1). This sophisticated system evolved from a primitive, error-
prone form [Woese, 1965, 2002] through billions of years of evolution, and is finely tuned to meet the
diverse physiological requirements of different cellular environment. In most organisms, the translation is
faithfully executed, with a typical error rate of 1/3000 [Loftfield, 1963]. When translational fidelity dimin-
ishes, unfolded proteins can accumulate in the cells [Lee et al., 2006; Ling and So¨ll, 2010], leading to severe
neurodegeneration [Lee et al., 2006], apoptotic response [Nangle et al., 2006] and cell death [Karkhanis
et al., 2007; Nangle et al., 2002].
To avoid the catastrophic effects of mistranslation, multiple mechanisms have been evolved to reduce
potential errors (Figure 1.1). These include the kinetic proofreading [Hopfield, 1974] of tRNA selection
in ribosome via the irreversible hydrolysis of GTP [Blanchard et al., 2004; Gromadski and Rodnina, 2004;
Rodnina et al., 2005]; enhancement of peptide release by P-site mismatch [Zaher and Green, 2009]; the tun-
ing of aminoacyl-tRNA binding to EF-Tu via thermodynamic compensation [LaRiviere et al., 2001]; resam-
pling [Ling et al., 2009] and editing [Jakubowski and Goldman, 1992] of mischarged tRNA by aaRSs [Dock-
Bregeon et al., 2000; Fukai et al., 2000; Hendrickson et al., 2002; Lin et al., 1996; Lincecum et al., 2003;
Ling et al., 2007; Nureki et al., 1998; Roy et al., 2004; Silvian et al., 1999] or independent editing domains
that function as tRNA-specific deacylases [Ahel et al., 2003; Beebe et al., 2004; Korencic et al., 2004]. These
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proofreading mechanisms target different stages of translation, and synergistically suppress mistranslations
in the cells.
Figure 1.1: Overview of translation and proofreading mechanisms. In the first stage of translation, tRNA
is aminoacylated by aaRSs, which employ editing reactions to clear misacylated tRNA. Next, the aminoacyl-
tRNA binds to EF-Tu, which selects the cognate aminoacyl-tRNA via tuning. Some tRNA can be resampled
by aaRSs for editing. The EF-Tu:tRNA:GTP ternary complex then binds to ribosome for decoding, in which
kinetic proofreading is involved to enhance fidelity. Finally, peptide is synthesized in the peptidyl transfer
reaction (not shown) and tRNA is released. Once the protein synthesis is complete, the protein is released.
A premature release of peptide can occur if a P-site mismatch is detected. Molecular structures shown here
are based on PDB files 1B23, 1N78, 3D5A and 3D5B.
It has also been argued that under certain conditions, a low level of mistranslation can be tolerated or
even become beneficial. In the wild-type human pathogen Candida albicans cells, about 5% of the CUG
serine codons are mistranslated as leucine, while in some engineered strains, the error rate can be as high
as 28% [Gomes et al., 2007]. This CUG codon ambiguity confers an adaptive advantage under stress con-
ditions [Santos et al., 1999]. Furthermore, in the budding yeast Saccharomyces cerevisiae, the epigenetic
[PSI+] prion trait that promotes stop codon read-through increases yeast phenotypic diversity and allows
them to better adapt to a variety of challenging environments [True et al., 2004]. Parallel examples have also
been identified in bacteria. In Bacillus subtilis, proteome diversity caused by frame-shift or nonsense muta-
tions increased the organism’s fitness to environmental fluctuations, such as an antibiotic threat [Meyerovich
et al., 2010]; the L-valine auxotrophy in an engineered Escherichia coli strain can be relieved by an error-
prone valyl-tRNA synthetase with L-aminobutyrate [Do¨ring et al., 2001]. Finally, in mammalian systems,
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codon ambiguity increases significantly under specific stress conditions via methionyl-tRNA synthetase that
misacylates non-cognate tRNA isoacceptors [Netzer et al., 2009]. These various examples suggest that cells
may utilize mistranslation as an emergency route to generate heterogeneous proteomes that confer selective
advantage under stress conditions.
1.2 Aminoacyl-tRNA synthetases and their classifications
Aminoacyl-tRNA synthetases (aaRS) are a family of enzymes that covalently attach amino acids to their
cognate tRNAs. They are critical for translation, as they are the only enzymes that produce aminoacyl-
tRNA (aa-tRNA). Moreover, they serve as the major checkpoint for maintaining the fidelity, even though
there are other downstream proofreading mechanisms (section 1.1). A prominent example is demonstrated
by the mouse alanyl-tRNA synthetase. A seemingly mild two-fold reduction of its editing activity can lead
to accumulation of misfolded proteins and severe neurodegeneration [Lee et al., 2006]. As such, it is of
great importance to understand the mechanisms of these enzymes.
The general two-step reaction mechanism of the aminoacylation is shared by all aaRSs (Figure 1.2). In
the first step, the amino acid is activated by adenosine triphosphate (ATP), forming aminoacyl-adenylate (aa-
AMP) and inorganic pyrophosphate (PPi). In the second step, the adenylate transfers its aminoacyl moiety
to the terminal nucleotide of tRNA (A76), forming aminoacyl-tRNA (aa-tRNA) and AMP. Aminoacyl-tRNA
synthetases can be divided into two mutually exclusive classes according to the primary and tertiary structure
of their active sites as well as their reaction products. Within each class, sub-classification has been made
on the basis of more extensive sequence homology [Delarue and Moras, 1993; Nagel and Doolittle, 1991]
(Table 1.1). In class-I aaRS, the active site adopts a Rossmann fold and has two highly conserved sequence
motifs: HIGH [Webster et al., 1984] and KMSKS [Hountondji et al., 1986]. In class-II aaRS, the active
site consists of anti-parallel β-strands and three consensus motifs. Each motif contains a strongly conserved
core with an invariant residue (shown in bold): GφxxφxxPφφ for motif 1; (F/Y/H)Rx(E/D) followed 4 to
12 residues away by (R/H)xxxFxxx(D/E) for motif 2; and GφGφGφ(D/E)Rφφφφφ for motif 3 [Eriani et al.,
1990] (Figure 1.3), where φ represents a hydrophobic residue and x can be any residue. The two classes
also differ in the aminoacylation mechanisms. In class-I aaRS, the amino acid is attached to the 2′-OH of
A76; while in class-II, the 3′-OH. The division of the aaRSs into two classes is strictly maintained in all
organisms, except for lysyl-tRNA synthetase (LysRS), which is a class-I aaRS in most archaea and a few
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bacteria [Ibba et al., 1997; Terada et al., 2002] but a class-II enzyme in all other organisms. This indicates
that the bifurcation had occurred earlier than the last common universal ancestor [Woese, 2000].
Figure 1.2: A two-step reaction mechanism of aaRS. In the first activation step, amino acid (aa) is activated
by ATP to form aminoacyl-adenylate (aa-AMP) and inorganic pyrophosphate (PPi). In the second transfer
step, aa-AMP transfers the aminoacyl moiety to the cognate tRNA, forming aminoacyl-tRNA (aa-tRNA)
and AMP.
Table 1.1: Classification and subunit-composition of aminoacyl-tRNA synthetases. The table is based
on a review by Stephen Cusack [Cusack, 1995] and structure data from Shigeyuki Yokoyama and his col-
leagues [Terada et al., 2002]. Glycyl-tRNA synthetase appears twice in class-II enzymes due to their distinct
origins and subunit compositions [Cusack, 1995]. Lysyl-tRNA synthetase appears twice in the table because
although it is generally a class-II enzyme, some archaea and bacteria encode a class-I LysRS [Ibba et al.,
1997]. This class-I LysRS is grouped in subclass 1b based on its tertiary structure [Terada et al., 2002].
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Figure 1.3: Class-defining primary and tertiary structural features of class-I and class-II aaRSs. A. The
active site in glutamyl-tRNA synthetase (GluRS) is colored according to the secondary structure, and the
two conserved motifs, HIGH and KMSKS, are indicated by arrows. Both N- and C-termini are annotated
and the CP1 insertion is indicated by black dashed lines. The structure is based on PDB 1N78 [Sekine et al.,
2003]. B. The active site of aspartyl-tRNA synthetase (AspRS) is shown in cartoon and its ligand (ATP) is
shown in licorice. The three consensus motifs of class-II enzymes are colored and annotated, respectively.
This structure is based on PDB 1B8A [Schmitt et al., 1998].
1.3 Editing mechanisms of aminoacyl-tRNA synthetases
The quest of editing mechanisms in aaRSs started with a paradox between theoretical predictions and ex-
perimental measurements on the error rate of protein synthesis. In 1958, Linus Pauling calculated that the
discrimination factor of isoleucine over valine would be about 1/5 [Pauling, 1958], which suggested intrinsic
difficulties in discriminating isoleucine over valine during protein synthesis. Yet, subsequent experimental
measurement showed that translation in vivo is remarkably accurate and mistranslates valine for isoleucine
in only 1 out of 3,000 positions [Loftfield, 1963]. This large discrepancy was further compounded by the
fact that the active site in IleRS cannot selectively discriminate between Ile-AMP and Val-AMP [Norris
and Berg, 1964]. Thus, one or more additional mechanisms must account for the fidelity of aminoacylation
reaction.
In 1966, Paul Berg and his colleagues provided the first experimental evidence for such a proofreading
mechanism. They reported that Escherichia coli IleRS avoided to misacylate tRNAIle with valine [Norris
and Berg, 1964] by hydrolyzing the misactivated Val-AMP in the presence of tRNAIle [Baldwin and Berg,
1966]. This hydrolysis reaction showed a high specificity of tRNA. Neither tRNAVal, yeast tRNAIle or
periodate-treated tRNAIle could induce hydrolysis [Baldwin and Berg, 1966]. This experiment established
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the concept of tRNA-dependent editing and provided a robust molecular-level explanation for the paradox.
Further experiments carried out in Paul Schimmel’s lab revealed a possible chemical mechanism of this
tRNA-dependent editing pathway: the Val-AMP first reacts with tRNAIle to form Val-tRNAIle, which serves
as an intermediate and is subsequently hydrolyzed by the enzyme [Eldred and Schimmel, 1972]. Alan Fersht
and his colleagues obtained similar results on ValRS, and further proposed that these synthetases use two
distinct active sites to maintain the fidelity [Fersht and Kaethner, 1976]. This was summarized by the famous
‘double sieve’ model [Fersht, 1977b].
To illustrate the ‘double sieve’ model, we use IleRS as an example, but the model can be trivially
generalized to other aaRS. The first sieve, or the ‘coarse sieve’, is composed of the aminoacylation active
site of the enzyme, which can exclude amino acids larger than or chemically distinct from isoleucine, but
not those that are smaller. By the same token, the second sieve, or the ‘fine sieve’, is a hydrolytic active
site that is just large enough to accept valine or smaller amino acids and exclude isoleucine. The synergy
between these two sieves ensures that only the cognate Ile-tRNAIle is formed (Figure 1.4).
Figure 1.4: The ‘double sieve’ model for the editing mechanism of IleRS. The aminoacylation site rejects
larger amino acids such as phenylalanine and tyrosine, acting as the first sieve. The hydrolytic site accepts
smaller amino acids such as glycine or valine, but rejects isoleucine, acting as the second sieve. These
two sieves work synergistically to ensure faithful aminoacylation of tRNAIle. This figure is based on Alan
Fersht’s book [Fersht, 1977b].
The biochemical entity of the ‘fine sieve’ was revealed in 1996, when Paul Schimmel and Laura Lin
showed that the isolated CP1 (connective polypeptide 1) domains [Starzyk et al., 1987] in IleRS and ValRS
can specifically hydrolyze mischarged tRNAIle and tRNAVal, respectively [Lin et al., 1996]. This type of
editing is called ‘post-transfer editing’, since it targets the aminoacylated tRNA that is formed after the
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transfer of aminoacyl moiety (Eqn. 1.1). Structural studies followed up quickly, and pinpointed the editing
site to a threonine-rich cleft with highly conserved residues [Cusack et al., 2000; Fukai et al., 2000; Nureki
et al., 1998; Silvian et al., 1999], which was later confirmed by mutagenesis studies [Hendrickson et al.,
2002; Lincecum et al., 2003]. The structural studies also clearly showed that the CP1 domains in LeuRS,
ValRS and IleRS are homologous and share a unique fold. The detailed mechanism of editing in CP1 domain
will be covered in section 1.4.
aa-tRNA GA aa + tRNA (1.1)
Since 2000, a series of structural and biochemical studies have elucidated the role of post-transfer editing
in several class-II aaRSs, including ThrRS [Dock-Bregeon et al., 2000, 2004], AlaRS [Beebe et al., 2008,
2003; Guo et al., 2009; Naganuma et al., 2009], PheRS [Ling et al., 2007; Roy et al., 2004] and ProRS [Be-
uning and Musier-Forsyth, 2000]. The bioinformatic search of archaea and bacteria genomes also identified
some freestanding counterparts for editing domains in AlaRS, ThrRS and ProRS [Ahel et al., 2003; An and
Musier-Forsyth, 2004; Beebe et al., 2004; Korencic et al., 2004; Ruan and So¨ll, 2005]. These individual
proteins can edit misacylated tRNA in trans. Interestingly, AlaXp, the freestanding editing domain that
proofreads tRNAAla, is more closely related to the editing domain in ThrRS than AlaRS [Guo et al., 2009],
indicating that AlaXp (editing in trans) may have developed in parallel with the editing domain in AlaRS
(editing in cis).
In addition to the post-transfer editing, the proofreading can also occur in a ‘pre-transfer’ fashion by
hydrolyzing misactivated adenylate intermediate (Eqn. 1.2). This was first proposed by Alan Fersht as a
means to reconcile a discrepancy in the kinetic measurements of the editing reactions and a pure post-
transfer editing model [Fersht, 1977a]. The pre-transfer editing has been reported in IleRS [Bishop et al.,
2003; Dulic et al., 2010; Fersht, 1977a], LeuRS [Boniecki et al., 2008; Englisch et al., 1986], GlnRS [Gruic´-
Sovulj et al., 2005] and ProRS [Hati et al., 2006]. A detailed discussion of pre-transfer editing mechanism
will be presented in section 1.5.
aa-AMP GA aa + AMP (1.2)
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1.4 Post-transfer editing and CP1 editing domain in LeuRS and related IleRS and ValRS
The active hydrolytic site for post-transfer editing in LeuRS, ValRS and IleRS resides in the homologous
CP1 domain [Cusack et al., 2000; Fukai et al., 2000; Lin et al., 1996; Nureki et al., 1998; Silvian et al., 1999]
that is universally conserved in all three domains of life [O’Donoghue and Luthey-Schulten, 2003; Woese
et al., 2000]. Structural studies of LeuRS, IleRS and ValRS showed that the CP1 domain is∼35 A˚ away from
the aminoacylation site [Cusack et al., 2000; Fukai et al., 2000; Lincecum et al., 2003; Nureki et al., 1998].
Unlike class-II aaRSs that can resample misacylated tRNA from EF-Tu [Ling et al., 2009], the tRNA is not
released until the proofreading is finished in these three class-I aaRSs [Baldwin and Berg, 1966; Mursinna
et al., 2004]. Thus, post-transfer editing must be accompanied by a large conformational change of the 3′ end
of the tRNA (tRNA translocation), particularly the terminal CCA trinucleotides. Crystallography studies
have solved the structures of LeuRS:tRNA complexes in both ends of the translocation [Fukunaga and
Yokoyama, 2005b; Palencia et al., 2012; Tukalo et al., 2005]. A structural alignment of these structures show
that in addition to tRNA, leucine-specific domain1 and CP1 domain also undergo significant conformational
changes (Figure 1.5). However, a detailed dynamic picture is still lacking.
The crystal structures of CP1 domains for LeuRS and IleRS have been determined with post-transfer
editing substrate analogs [Fukunaga and Yokoyama, 2005a, 2006; Lincecum et al., 2003; Liu et al., 2006;
Tukalo et al., 2005] (Figure 1.6, Table 1.2). A structural alignment of these two complexes showed that
the editing substrate was accommodated in an almost identical manner (Figure 1.7). In both complexes, a
universally conserved aspartic acid anchors the positively-charged α-amino group of the ligand; and the side
chain of a highly conserved threonine forms hydrogen bonds with the 3′-OH and the carbonyl group of the
ligand. The adenine base is recognized by a pair of hydrogen bonds with protein backbone at a conserved
position.
Interestingly, the reactive water molecule that would attack carbonyl group to initialize the hydroly-
sis was missing in both of the structures, which could be an artifact caused by using non-hydrolyzable
analogs (Figure 1.6c,h). As such, molecular dynamics simulations were performed to model this key water
molecule [Hagiwara et al., 2009] and hybrid quantum mechanics/molecular mechanics (QM/MM) simula-
tions were applied to calculate a putative reaction pathway of post-transfer editing [Hagiwara et al., 2010].
The simulations suggest that the 3′-OH of A76 is critical for the hydrolysis [Hagiwara et al., 2010]. This
1Leucine-specific domain is a small domain inserted right before the KMSKS loop. It is unique to LeuRS, but not conserved
among all the LeuRSs.
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Figure 1.5: Cartoon representation of the translocation in post-transfer editing. The LeuRS:tRNALeu
complexes are shown in both the aminoacylation state (A) and post-transfer editing state (B). The CP1
domain is shown in yellow, leucine-specific domain in green, zinc-binding domain in dark blue, the C-
terminal domain in orange and the main body of the LeuRS in grey. The tRNALeu is depicted in tube. Its 5′
and 3′ ends are shown in red and cyan, respectively. Significant conformational changes of the LeuRS are
indicated by arrows. This figure is based on the unpublished crystal structures of E. coli LeuRS [Palencia
et al., 2012].
Table 1.2: Crystal structure of CP1 domains from LeuRS, IleRS and ValRS
PDB Protein Organism Ligand Resolution Reference
1GAX ValRS T. thermophilus tRNA 2.9 A˚ [Fukai et al., 2000]
1WKA ValRS CP1 T. thermophilus apo 1.7 A˚ [Fukunaga and Yokoyama, 2005a]
1WK9 ValRS CP1 T. thermophilus Thr-AMS 1.7 A˚ [Fukunaga and Yokoyama, 2005a]
1ILE IleRS T. thermophilus apo 2.5 A˚ [Nureki et al., 1998]
1FFY IleRS Staphylococcus aureus tRNA 2.2 A˚ [Silvian et al., 1999]
1UE0 IleRS CP1 T. thermophilus Valine 2.0 A˚ [Fukunaga et al., 2004]
1WNY IleRS CP1 T. thermophilus apo 1.6 A˚ [Fukunaga and Yokoyama, 2006]
1WNZ IleRS CP1 T. thermophilus Val-2AA 1.7 A˚ [Fukunaga and Yokoyama, 2006]
1WK8 IleRS CP1 T. thermophilus Val-AMS 1.7 A˚ [Fukunaga and Yokoyama, 2006]
1OBC LeuRS T. thermophilus Nva-2AA 2.1 A˚ [Lincecum et al., 2003]
1OBH LeuRS T. thermophilus Nva-AMS 2.2 A˚ [Lincecum et al., 2003]
1H3N LeuRS T. thermophilus apo 2.0 A˚ [Cusack et al., 2000]
2BYT LeuRS T. thermophilus tRNA 3.3 A˚ [Tukalo et al., 2005]
2BTE LeuRS T. thermophilus tRNA+Nva-2AA 2.9 A˚ [Tukalo et al., 2005]
2V0G LeuRS T. thermophilus tRNA+AN2690 3.5 A˚ [Rock et al., 2007]
2AJG LeuRS CP1 E. coli apo 2.0 A˚ [Liu et al., 2006]
2AJH LeuRS CP1 E. coli Met 2.4 A˚ [Liu et al., 2006]
2AJI LeuRS CP1 E. coli Ile 3.2 A˚ [Liu et al., 2006]
interesting prediction awaits further experimental verifications.
Finally, the residue that determines the specificity of post-transfer editing in LeuRS has been pinpointed
to a threonine that is highly conserved among LeuRS across all three domains of life [Mursinna et al.,
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Figure 1.6: Structures of aminoacyl-adenylates, their pre-transfer editing analogs and some post-
transfer analogs that have been used in crystallography studies. a. Valyl-adenylate (Val-AMP). b. Ana-
log of Val-AMP, Val-AMS. c. Post-transfer editing substrate analog Val-2AA (PDB 1WNZ). d. Threonyl-
adenylate, Thr-AMP. e. Analog of Thr-AMS. f. Norvalyl-adenylate (Nva-AMP). g. Analog of Nva-AMP,
Nva-AMS. h. Post-transfer editing substrate analog Nva-2AA (PDB 2BTE). i. Leucyl-adenylate (Leu-
AMP). j. Analog of Leu-AMP, Leu-AMS. k. Isoleucyl-Adenylate (Ile-AMP). l. Analog of Ile-AMP, Ile-
AMS.
2001; Mursinna and Martinis, 2002]. Further computational and mutagenesis studies showed that this thre-
onine governs the substrate selectivity by controlling the size of the binding pocket for substrate amino
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Figure 1.7: Structural comparison of LeuRS/IleRS CP1 domains in post-transfer editing state. A. The
recognition of 2′-(L-valyl)amino-2′-deoxyadenosine, Val-2AA, in the editing site of T. thermophilus IleRS.
The structure is based on PDB 1WNZ [Fukunaga and Yokoyama, 2006]. B. The recognition of 2′-(L-
norvalyl)amino-2′-deoxyadenosine, Nva-2AA, in the editing site of T. thermophilus LeuRS. The structure
is based on PDB 1OBC [Lincecum et al., 2003]. In both complexes, the ligands are shown in green and
their interactions with the protein are shown by black dashed lines. Water molecules and hydrogen atoms
are omitted for clarity. C. A structural alignment of these two complexes. The IleRS and LeuRS complexes
were shown in tan and blue, respectively.
acid [Mursinna et al., 2004]. Mutating it into a smaller alanine will enlarge the binding pocket and leads
to undesirable hydrolysis of cognate Leu-tRNALeu [Mursinna et al., 2001]; while a bulky tyrosine muta-
tion will block the binding pocket, rendering the enzyme defective in post-transfer editing [Mursinna and
Martinis, 2002].
1.5 Pre-transfer editing in LeuRS and related IleRS
Since the first proposal of pre-transfer editing by Alan Fersht [Fersht, 1977a], its detailed mechanism has
been an active field of research and still remains an open question. Different models have been proposed
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based on the results obtained from different aaRSs, and a unified model is still lacking. In this section, I will
provide an updated view of the pre-transfer editing mechanism in IleRS and LeuRS.
Pre-transfer editing is the dominant proofreading mechanism in E. coli IleRS [Fersht, 1977a] and has
been studied extensively after its initial discovery [Fersht, 1977a]. Crystal structure of IleRS:tRNA:mupirocin
complex reveals a putative tunnel that allows the enzyme to channel the non-cognate adenylate from the
aminoacylation site to the CP1 editing domain [Silvian et al., 1999] (Figure 1.8A). This notion is supported
by the identification of two residues in the CP1 hinge region that effect the channelling of adenylate [Bishop
et al., 2003]. Mutagenesis studies in the editing site further reveals the active site of pre-transfer editing is
partially overlapping with but distinct from the post-transfer editing site [Hendrickson et al., 2002]. The
crystal structure of CP1 domains with pre-transfer editing analogs support these biochemical results [Fuku-
naga et al., 2004; Fukunaga and Yokoyama, 2006]. However, no compelling evidence of such a long distance
channelling is available.
In E. coli LeuRS, pre-transfer editing is not detectable in wild-type enzyme [Englisch et al., 1986],
but can be activated by introducing mutations in the interface between CP1 domain and zinc-binding do-
main [Williams and Martinis, 2006] or removing the entire CP1 domain (∆CP1 LeuRS) [Boniecki et al.,
2008]. The later result is valid not only in E. coli LeuRS, but also in yeast mitochondria LeuRS [Boniecki
et al., 2008]. This study clearly shows that translocation of the adenylate to the CP1 domain is not a pre-
requisite for pre-transfer editing as proposed in the IleRS and raises the possibility that pre-transfer editing
is an ancient, inherent proofreading mechanism of the aminoacylation domain [Boniecki et al., 2008]. The
chemical details of this pre-transfer editing are not clear. The misactivated adenylate could either be ejected
into solvent for hydrolysis (Figure 1.8B) or hydrolyzed in the aminoacylation site (Figure 1.8C). It is of
great interest to elucidate the mechanism and specificity determinant of pre-transfer editing in this ∆CP1
LeuRS.
1.6 Conclusion
A high-fidelity translation system was believed to be essential for all living organisms, and is maintained
by the accurate aminoacylation of tRNAs by aaRSs and their editing mechanisms. However, recent studies
suggested that cells can strategically capitalize on mistranslation under certain physiological conditions. As
such, aaRSs in these organisms may have adaptively evolved to be prone for mistranslation. To search for
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Figure 1.8: Models for pre-transfer editing in LeuRS and IleRS A. In IleRS, pre-transfer editing involves
the translocation of misactivated adenylate to CP1 domain, in which the hydrolysis takes place. In ∆CP1
LeuRS, the misactivated adenylate could be ejected into the solvent for hydrolysis (B) or hydrolyzed in the
aminoacylation site (C).
these error-prone aaRSs, I have screened CP1 domains in LeuRS, IleRS and ValRS across all three domains
of life and identified several putative error-prone aaRSs (Chapter 6). In Mycoplasma, several aaRSs contain
mutations of multiple key residues for editing and in one extreme case, the LeuRS in Mycoplasma mobile
is missing its entire editing CP1 domain. Using a series of biochemical assays, I have shown the M. mobile
LeuRS indeed misaminoacylates tRNA. Furthermore, in collaboration with mass spectrometry specialists, I
have shown that this aaRS causes mistranslation in vivo. These data raise the possibility that Mycoplasma
may use this aaRS-dependent mechanism to generate heterogeneous antigen to evade host immune system
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(Chapter 6).
The M. mobile LeuRS is the only known example in the LeuRS, IleRS and ValRS family that is naturally
deprived of post-transfer editing activity, and is therefore an exquisite system to study the mechanism of pre-
transfer editing. In collaboration with Dr. Michał Boniecki, I have shown that M. mobile LeuRS contains
a weak pre-transfer editing activity that is not strong enough to suppress misaminoacylation. Interestingly,
inserting CP1 domains can strengthen this weak pre-transfer editing activity, even though the CP1 domain
has no post-transfer editing activity. We hypothesized that the fidelity of the ancient, ∆CP1-like LeuRS
might also be improved by a similar mechanism through the insertion of CP1 domain (Chapter 7).
I have also identified duplicated LeuRS genes in Sulfolobus and one of them encodes a mutation of
the universally conserved aspartic acid in the editing site. The same mutation in E. coli LeuRS abolishes
post-transfer editing and misaminoacylates tRNALeu. In collaboration with Dr. Gary Olsen, we found the
editing-defective LeuRS gene contains a more potent start codon. Preliminary studies with Dr. Rachel
Whitaker’s lab showed that both LeuRSs are transcribed in vivo. Further in vivo knock-out experiments
and in vitro biochemical assays are needed to elucidate the biological function of the duplicated LeuRSs
(Chapter 8).
The other three chapters represent my studies of the aminoacylation and editing mechanisms with an in-
tegration of molecular dynamics simulations and biochemical measurements. I have applied metadynamics
simulation to calculate the free energy landscape of ATP binding to GluRS. The calculated free energy is
validated by fluorescence measurements and the main binding pathway revealed the important roles for the
KMSKS loop as well as the second histidine in the ‘HIGH’ motif. These results were also verified by mu-
tagenesis. This is to my knowledge, one of the first free energy calculations on millisecond ligand binding
processes (Chapter 3).
I have also applied umbrella sampling and unbiased MD simulations to study the mechanism of pre-
transfer editing in E. coli ∆CP1 LeuRS. The results show that the cognate Leu-AMP can stably bind in
the active site with an active conformation for the transfer step, while the binding of non-cognate Ile-AMP
adopts an inactive conformation that facilitates its own hydrolysis. This supports the ‘on-site’ hydrolysis
model (Figure 1.8B). Further experiments are needed to test this hypothesis (Chapter 4).
Finally, I have applied quench-flow technique to measure the transfer rates as well as the activation
energy of Thermus thermophilus GluRS. I chose T. thermophilus GluRS not only because it has a broad
spectrum of working temperature that facilitates experimental measurement, but also its crystal structure
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has been solved with high resolution that is suitable for molecular dynamics or QM/MM simulations. The
activation energy is a surprisingly low 2.2 kcal/mol. This is the first measurement of the activation energy
of the transfer step of aaRS, and may serve as the reference for future QM/MM simulations on the same
system (Chapter 5).
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Chapter 2
Materials and methods
2.1 Materials
Radiolabeled (including [3H], [14C] and [35S]) amino acids were purchased from GE Healthcare (Piscat-
away, NJ) and nucleotides radiolabled with [32P] were purchased from PerkinElmer (Waltham, MA). All
DNA oligonucleotide primers were synthesized by Integrated DNA Technologies (Coralville, IA). Cloned
Pfu DNA polymerase and dNTP mix were obtained from Stratagene (La Jolla, CA). All restriction enzymes
were obtained from New England Biolabs (Ipswich, MA), except BstNI (from Stratagene, Cedar Creek,
TX) and DpnI (from Promega, Madison, WI). Dr. Karin Musier-Forsyth (Ohio State University) provided
the plasmid p6HRNAP for expressing T7 RNA polymerase with an N-terminal six-histidine tag. Dr. Paul
Schimmel (The Scripps Research Institute) provided the plasmid pCCA for expressing the CCA-adding en-
zyme with an N-terminal six-histidine tag. Wenwen Fang (Princeton University) provided the plasmid for
expressing LeuRS-I with an N-terminal six-histidine tag. The E. coli DH5α and E. coli BL21 competent
cells were originally purchased from Stratagene and maintained in the lab.
2.2 Molecular cloning of LeuRS genes
Several LeuRSs have been cloned in this thesis work, including LeuRS from Sulfolobus islandicus, M. mo-
bile and Mycoplasma synoviae. To confirm the DNA sequences reported in their genome databases, these
LeuRS genes were amplified via the polymerase chain reaction (PCR) from their genomic DNA and se-
quenced by UIUC core sequencing facility (Urbana, IL). The PCR mixture contained 50 ng of genomic
DNA, 125 ng of each synthesized primer, 10 mM dNTPs and 2.5 units of Pfu DNA polymerase in com-
mercially prepared buffer with a total concentration of 50 µL. The reaction mixtures were heated at 95 ◦C
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for 1 minute, and then DNA was amplified by PCR for 30 cycles under the following conditions: 95 ◦C for
30 seconds, 53 ◦C for 45 seconds, and 68 ◦C for 5 minutes. To remove the template genomic DNA, each
PCR mixture was digested with 20 units of DpnI restriction enzyme at 37 ◦C for 4 hours.
For the two Mycoplasma LeuRSs, their DNA sequences were then optimized (Geneart, Burlingame,
CA) for expression in E. coli, particularly with TGA codons changed to TGG, and synthesized (Geneart)
with NdeI and BamHI restriction sites. The DNA was subcloned (Geneart) into pET14b plasmid (Novagen,
Madison, MI) using NdeI and BamHI restriction sites. For S. islandicus LeuRS, the same restriction sites
were used for subcloning the PCR amplified DNA without codon optimization.
2.3 Molecular cloning of tRNA genes
The tRNALeuCUA gene from S. islandicus and tRNA
Leu
UAA from M. mobile, the most frequently used tRNA
Leu
isoacceptors in both organisms, have been cloned in this thesis work. These tRNA genes were first am-
plified via PCR from their genomic DNAs using the same protocol as described in section 2.2 and then
subcloned into pUC18 plasmid (Sigma, St. Louis, MO) by BamHI and HindIII restriction sites to yield
plasmid pUC18SitRNACUA and pUC18LiMmtRNAleu.
2.4 Protein expression and purification
The following general protocol was employed to express and purify LeuRS and other proteins used through-
out the thesis. The M. mobile LeuRS is used here as an example to illustrate the protocol. Fist, the plasmid
expressing M. mobile LeuRS gene (p14LiMmoLeuRS) was used to transform E. coli BL21 (DE3) strain. A
single transformant was grown in 3 mL of Luria-Bertoni broth (LB) media (Fisher Scientific, Fair Lawn,
NJ) with 100 µg/mL ampicillin at 37 ◦C overnight. The 3 mL culture was then transferred to 1 L of LB
media with 100 µg/mL ampicillin and grown at 37 ◦C. When the OD600 reached 0.6, 1 mM isopropyl
β-d-thiogalactopyranoside (IPTG) was added to induce LeuRS expression at 25 ◦C overnight. Cells were
harvested by centrifugation at 6,000 rpm for 10 minutes in a Beckman J2-HS centrifuge and stored at -80 ◦C.
The cell pellet was resuspended in 10 mL of HA1 buffer (10 mM tris(hydroxymethyl) aminomethane
(Tris), 20 mM NaH2PO4, 100 mM NaCl, 5% glycerol, pH 8.0) and then sonicated at 40% power for 2 min-
utes using a Vibra Cell sonicator. To remove cell debris, the lysed cells were centrifuged at 13,000 rpm
in the Beckman J2-HS centrifuge for 30 min at 4 ◦C. The supernatant was mixed at 4 ◦C for 2 hours with
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HIS-Select HF Nickel Affinity Gel (Sigma), which had been pre-equilibrated with HA1 buffer. The gel
was washed with 100 mL of HA2 buffer (10 mM Tris, 20 mM NaH2PO4, 500 mM NaCl, 5% glycerol,
pH 7.0). The LeuRS with the N-terminal six-histidine tag was eluted by 10 mL of elution buffer (10 mM
Tris, 20 mM NaH2PO4, 100 mM NaCl, 5% glycerol, 100 mM imidazole, pH 8.0). The protein was further
purified on AKTA fast protein liquid chromatography (FPLC) machine (GE Healthcare) using a HiTrap
16/60 size-exclusion Superdex 75 purification column (GE Healthcare) and was eluted with HA1 buffer.
The final protein product was concentrated using a centricon-50 apparatus (Amicon, Bedford, MA), and the
final concentration was determined by measuring its absorption at 280 nm. The extinction coefficient of
LeuRS is estimated using ProtParam tool (http://expasy.org/tools/protparam.html).
2.5 In vitro transcription and purification of tRNA
The tRNALeu was purified via in vitro run-off transcription, which required a large quantity of template
DNAs that encode the tRNA sequence and has its 3′ terminated exactly at terminal A76 of the tRNA [Samp-
son and Uhlenbeck, 1988]. To purify the template DNA, the plasmid containing tRNALeu gene (e.g.
pUC18SitRNACUA) was used to transform E. coli DH5α strain. A single transformant was transferred
to 3 mL of LB media with 100 µg/mL ampicillin and incubated at 37 ◦C for 8 hours. The 3 mL culture
was transferred to 1 L of terrific broth (TB) media1 and with 100 µg/mL ampicillin and grown at 37 ◦C
overnight. Cells were harvested by centrifugation at 6,000 rpm for 10 minutes in a Beckman J2-HS cen-
trifuge and stored at -80 ◦C. The plasmid was purified by Plasmid Mega-prep Kit (Qiagen, Valencia, CA)
according to the commercial protocol and digested overnight at 60 ◦C with 25 units of BstNI to generate the
CCA end that matches tRNA.
The in vitro transcription buffer contained 450 µg/mL of plasmid template, 40 mM Tris, pH 8.0, 30 mM
MgCl2, 5 mM dithiothreitol (DTT), 0.001% Triton X-100, 50 µg/mL bovine serum albumin, NTPs (7.5 mM
each), 80 mg/mL polyethylene glycol 8000, 0.02 units/µL RNase inhibitor (Eppendorf, Hamburg, Ger-
many), 2 mM spermidine, 0.01 mg/mL E. coli pyrophosphatase (Sigma), and 600 nM T7 RNA polymerase.
The reaction mixture was incubated for 4 hours at 42 ◦C followed by a second addition of 600 nM T7 RNA
polymerase and then incubated for an additional 2 hours at 42 ◦C.
The RNA product was purified on a 8.5% polyacrylamide gel that contained 8 M urea. The tRNA band
1The 1 L TB media contains 12 g tryptone, 24 g yeast extract, 4 mL glycerol, 0.017 M KH2PO4 and 0.072 M K2HPO4.
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was detected via UV shadowing, excised from the gel, and extracted overnight in 0.5 M NH4OAC and 1 mM
EDTA, pH 5.0, at 37 ◦C. The supernatant was collected and the extraction repeated two more times. The
tRNA was concentrated by butanol extraction, and precipitated by 70% ethanol and 1 µg/µL glycogen. The
tRNA pellet was washed twice in 70% ethanol, dried, and then resuspended in 100 µL of nuclease-free water
(Ambion, Austin, TX). Purified tRNALeu was denatured at 90 ◦C for 1 min and re-folded by the addition of
1 mM MgCl2 and quick cooling on ice. The concentration of the tRNA transcripts were determined by A260
using an extinction coefficient of 840,700 M−1cm−1 [Puglisi and Tinoco, 1989].
Some tRNALeu genes (e.g. M. mobile tRNALeuUAA) contain an internal BstNI site. To purify such
tRNALeu, we digested a total of 450 µg of purified plasmid (e.g. pUC18LiMmtRNALeu) overnight with
25 units of SacII (New England Biolabs) in a 1 mL reaction mixture at 37 ◦C and then used as a template for
in vitro run-off transcription. This cleaves the tRNA template after the penultimate nucleotide at the 3′ end
to ultimately generate a tRNALeu transcript without the terminal A76. The in vitro transcription was per-
formed using the same protocol as described above. The resulting tRNALeu transcript without the terminal
A76 (tRNALeu∆A76) was purified using procedure as the normal tRNA transcript.
The terminal A76 was added by incubating 50 µM tRNA transcripts (tRNALeu∆A76) in a 100 µL reaction
containing 100 mM glycine-OH, pH 9.0, 10 mM MgCl2, 1 mM DTT, 100 µM ATP and 5 µM of E. coli
CCA-adding enzyme at 37 ◦C for 4 hours. The resulting tRNA was precipitated and washed as described
above.
2.6 Preparation of 2′-deoxyadenosine-tRNA (2′dA-tRNA)
The following protocol, which was based on the work of Sprinzl et al. [Sprinzl and Cramer, 1975], was
adapted to replace the terminal A76 in M. mobile tRNALeu with 2′-deoxyadenosine. To cleave the terminal
cis diol group, transcribed M. mobile tRNALeu (800 A260 units) was incubated in 1 mL buffer containing
50 mM NaOAc, pH 5.2, and 2.5 mM NaIO4 at 37 ◦C for 2 hours in the dark. Excess NaIO4 was reduced
at 37 ◦C for 30 minutes by incubation with 2 mM glucose. The periodate-oxidized tRNA was ethanol-
precipitated, centrifuged, washed and dried as described above. The tRNA pellet was resuspended in 562 µL
of water.
The β-elimination of the terminal adenosine was performed by adding 188 µL of 1 M lysine, pH 9.0,
followed by incubation of the reaction mixture at 25 ◦C for 2.5 hours. The mixture was then desalted
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using CHROMA SPIN-10 column (Clontech, Mountain View, CA). The residual phosphate group on the
tRNA was removed by incubating tRNA in a 1 mL solution containing 100 mM Tris, pH 8.0, 10 mM
MgSO4 and 10 units of calf intestinal phosphatase (New England Biolabs) for 1 hour at 37 ◦C. The solution
was mixed with an equal volume of phenol:chloroform:isoamyl alcohol (IAA) (125:24:1), pH 5.2 (Fisher
Scientific, Fair Lawn, NJ) and centrifuged at 4,000 rpm for 5 minutes. The organic phase that contained
protein was removed and one-half volume of 4.6 M NH4OAc, pH 5.0 was added. The tRNA was then
ethanol-precipitated, washed and dried.
Incorporation of 2′-deoxyadenosine to tRNA was performed by incubating the modified tRNA with
100 mM Tris, pH 9.0, 100 mM KCl, 2 mM 2′-deoxyadenosine triphosphate (Sigma), 10 mM MgCl2, 0.5 mM
DTT and 16 µM E. coli CCA-adding enzyme at 32 ◦C for 3 hours. As a positive control, adenosine was
added to regenerate the wild-type tRNA by using the same reaction except replacing the 2′-deoxyadenosine
triphosphate with ATP. The protein was extracted by phenol:chloroform:IAA (125:24:1), pH 5.2, and the
tRNA was precipitated, washed, and dried as described in section 2.5.
To directly visualize the integrity of the tRNA product, the purified tRNA was examined by an RNA
analytical gel. The concentration of the tRNA product was measured by A260 using an extinction coefficient
of 840,700 M−1cm−1 [Puglisi and Tinoco, 1989]. Aminoacylation assays (section 2.7) were performed
to verify that the regenerated wild-type tRNA could be charged effectively and that there was negligible
wild-type tRNA remaining in the 2′dA-tRNA.
2.7 Aminoacylation and misaminoacylation assays
Leucylation assays with purified LeuRS enzymes were carried out at 25 ◦C (for E. coli and M. mobile
LeuRSs) or 60 ◦C (for S. islandicus LeuRS) in a 36 µL reaction mixture containing 60 mM Tris, pH 7.5,
10 mM MgCl2, 2 mM ATP, 1 mM DTT, 21 µM [3H]-leucine (152 Ci/mmol), 4 µM of transcribed tRNALeu
and 100 nM LeuRS enzyme. To test for methionine or isoleucine mischarging by LeuRS, 21 µM [35S]-
methionine (200 Ci/mmol) or 21 µM [3H]-isoleucine (96 Ci/mmol) were incorporated into the aminoacyla-
tion reaction along with 1 µM enzyme. Reactions were initiated by addition of 2 mM ATP.
Aliquots (5 µL) were taken at different time points and spotted on Whatman 3MM filter pads (Whatman,
Clifton, NJ), which had been pre-soaked in 5% trichloroacetic acid (TCA). The pads were washed three
times in 5% TCA, and then 70% ethanol (10 minutes each), followed by soaking in ethyl ether for 10 minutes
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and drying under an ultra-red lamp. Each pad was combined with 3 mL Econo F scintillation fluid (Fisher
Scientific, Pittsburgh, PA) for quantification via scintillation counting in a Beckman LS 6000IC scintillation
counter (Beckman Coulter, Inc., Fullerton, CA).
2.8 Inorganic pyrophosphate (PPi) exchange assays
To measure the kcat andKM of the amino acid activation step, PPi exchange assays were conducted at 25 ◦C
in the solution of 10 mM MgCl2, 1 mM DTT, 60 mM 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid
(HEPES)-KOH, pH 7.5, 1 mM [32P]-PPi (2.5 µCi/mL), 200 nM LeuRS, varying concentrations of leucine
(0–2 mM) or isoleucine (0–60 mM) or methionine (0–60 mM) with a final volume of 21 µL. The reactions
were initiated by 1 mM ATP. At selected time intervals, 2 µL aliquots were quenched on PEI-cellulose thin-
layer chromatography (TLC) plates (Sigma) that had been pre-run in water. The TLC plate was developed
in 750 mM KH2PO4 (pH 3.5) at 25 ◦C. Separated radiolabeled bands were detected by phosphorimaging
using a FUJI BAS 1000 phosphorimage screen and quantified by a Bio-Rad Molecular Imager FX. A typical
result is shown in Figure 2.1
Figure 2.1: Measure kinetic parameters of M. synoviae LeuRS isoleucine activation by PPi exchange
assay. (A) Twelve different PPi exchange reaction with different isoleucine concentration were performed.
For each reaction, a 2 µL aliquot was taken at 0, 20, 40, 60 and 80 seconds. Each reaction contained 400 µM
enzyme, 10 mM MgCl2, 1 mM DTT, 60 mM HEPES, pH 7.5, 1 mM [32P]-PPi (2.5 µCi/mL) and various
amount of isoleucine. The product were separated by thin-layer chromatography and annotated in the graph.
A linear fit was used to calculate the rates of ATP formation at different isoleucine concentrations (B). The
kcat and KM were obtained by fitting these rates to the Michaelis-Menton equation (C).
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2.9 Pre-transfer editing (adenylate isolation) assays
To assess the pre-transfer editing activity, we adapted a method described by Perona and co-workers [Gruic´-
Sovulj et al., 2005] to measure the level of aminoacyl-adenylate in the time course of reaction. The reaction
mixture contained 50 mM Tris (pH 7.5), 10 mM MgCl2, 5 mM DTT, 18 µM [α-32P]-ATP (40 µCi/mL),
and 1 µM protein were initiated with 2.5 mM amino acid. To study the effect of wild-type tRNA or 2′
dA-tRNA on pre-transfer editing, 10 µM of either RNA were added to the reaction buffer after 2.5 minutes.
For each time point, 1.5 µL aliquots were quenched in 3 µL solution of 50 mM sodium acetate (pH 5.0)
and 0.1% sodium dodecyl sulfate (SDS). A 2 µL aliquot of the mixture was spotted on PEI-cellulose TLC
plates (Sigma) that had been pre-run in water. The TLC plate was developed in 0.1 M NH4OAC, pH 5.0,
5% acetic acid at 25 ◦C. Separated radiolabeled bands were detected and quantified by phosphorimaging as
described in section 2.8. A typical result is shown in Figure 2.2.
Figure 2.2: Isolation of leucyl-adenylate by thin-layer chromatography. The product of a typical adeny-
late isolation assay of M. synoviae LeuRS is separated by thin-layer chromatography and annotated in the
graph. The reaction mixture contains 1 µM enzyme, 18.1 µM [α-32P]-ATP (40 µCi/mL), and 2.5 mM
leucine.
2.10 Post-transfer editing (deacylation) assays
Mischarged tRNA with either [14C]-Ile and [35S]-Met were prepared using 1 µM of an editing defective mu-
tant [Karkhanis et al., 2006] in an aminoacylation reaction containing 60 mM Tris, pH 7.5, 10 mM MgCl2,
2 mM ATP, 1 mM DTT, 21 µM [3H]-isoleucine (96 Ci/mmol) or 21 µM [35S]-methionine (200 Ci/mmol)
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and 4 µM of transcribed tRNALeu at 25 ◦C for 3 hours. The reaction was stopped by adding 4 µL of 10%
acetic acid. The mischarged tRNA was purified by a phenol:chloroform:IAA (125:24:1), pH 5.2, extraction
and precipitated, washed, and dried as described above. The pellet was resuspended in 60 µL of 50 mM
KH2PO4, pH 5.0.
The hydrolytic activity of LeuRS was measured at 25 ◦C using a reaction mixture consisting of 60 mM
Tris, pH 7.5, 10 mM MgCl2, and 300 nM [14C]-Ile-tRNALeu or [35S]-Met-tRNALeu. The reaction was
initiated by the addition of 100 nM enzyme. At selected time intervals, 5 µL reaction aliquots were quenched
on pads that had been pre-soaked in 5% TCA, washed, and quantified by scintillation counting as described
in section 2.7.
2.11 ATPase assays
ATPase assays containing 50 mM Tris (pH 7.5), 10 mM MgCl2, 5 mM DTT, 10 µM tRNALeu or 2′dA-tRNA,
18 µM [α-32P]-ATP (40 µCi/mL), and 1 µM protein were initiated with 2.5 mM amino acid. Reaction
aliquots of 2 µL were quenched by spotting on PEI-cellulose TLC plates (Sigma) that had been pre-run in
water. The plates were developed in 750 mM KH2PO4, pH 3.5. Radiolabeled bands were detected and
quantified by phosphorimaging as described in section 2.8. A typical result is shown in Figure 2.3.
2.12 Molecular dynamics simulations—minimization and equilibration
In a classical all-atom MD simulation, the atoms move according to Newton’s equation of motion:
mi
d2Xi
dt2
= − ∂
∂Xi
Utotal(X), (i = 1, 2, · · · , N), (2.1)
whereX denotes the coordinates of all atoms in the system, and Utotal(X) is the total potential energy as a
function ofX. For an individual atom i, its mass and coordinate is mi and Xi, respectively.
The total potential energy can be empirically described by a force field whose parameters are derived
from both experimental measurements and high-level quantum mechanical calculations. All the simulations
in this thesis are performed using the widely used CHARMM force field [MacKerell et al., 1998]). The
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Figure 2.3: Separation of ATPase assay products by thin-layer chromatography. The product of a typical
ATPase assay of M. synoviae LeuRS is separated by thin-layer chromatography and annotated in the graph.
The reaction mixture contains 1 µM enzymes, 18.1 µM [α-32P]-ATP (40 µCi/mL), and 2.5 mM leucine.
Utotal(X) in the CHARMM force field consists the following terms:
Utotal = Ubonds + Uangles + UUB + Udihedrals + Uimpropers + UvdW + UCoulomb
=
∑
bonds
Kb(b− b0)2 +
∑
angles
Kθ(θ − θ0)2 +
∑
UB
KUB(S − S0)2 +
∑
dihedrals
Kχ(1 + cos(nχ− δ))+
∑
impropers
Kimp(φ− φ0)2 +
∑
i
∑
j>i
ε
(Rminij
rij
)12
−
(
Rminij
rij
)6+∑
i
∑
j>i
qiqj
4pi0rij
,
(2.2)
where Kb,Kθ,KUB,Kχ,Kimp are the force constants for bonds, angles, Urey-Bradley, dihedrals and im-
proper dihedrals, respectively; b, θ, s, χ, φ are the bond length, Urey-Bradley 1,3-distance, bond angle, di-
hedral angle and improper torsional angle, respectively. A subscript zero indicates the equilibrium value.
For two atoms i and j separated at a distance rij , their van der Waals (vdW) interaction is approximated by
the Lennard-Jones 6–12 potential, with ε representing the Lennard-Jones well depth and Rmin denoting the
distance that minimizes the Lennard-Jones potential. The electrostatic interaction between atom i and j is
calculated by Coulomb’s law, where qi and qj denote the partial charges of atom i and j, respectively.
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To avoid surface artifacts at the boundary of simulated systems, all simulations were done with periodic
boundary conditions; the unit cell is replicated infinite times to tile the entire space by periodic transla-
tions. The long-range electrostatic interactions in periodic boundary condition was effectively computed by
Particle Mesh Ewald method [Darden et al., 1993] without any truncation. The short-range van der Waals
interaction is spatially truncated at 12 A˚ with a switching distance of 10 A˚. Unless otherwise noted, all
simulations were performed using the NPT ensemble with pressure set to 1.01325 bar. Time steps used for
force calculations were: bonded 1 fs, vdW 2 fs, and electrostatic 4 fs. The MD program NAMD2.7 was used
to generate all of the trajectories [Phillips et al., 2005].
To alleviate potential unstable conformations in the initial structure, the system was minimized before
equilibration by a series of minimizations with different restraints. In the first stage (5000 MD steps), all
heavy atoms were fixed. Secondly, water molecules were freed but ions kept fixed for another 5000 steps.
Thirdly, ions and sidechain atoms were freed while holding protein and nucleic acid backbones fixed for the
next 5000 steps. In the final 50000 steps of minimization, all atoms were free to move.
To equilibrate the system at the desired temperature, a temperature jump protocol was employed [Eargle
et al., 2008]. The initial temperature was set to 100 K, and ions and heavy atoms in the protein and nucleic
acid chains were harmonically constrained for the first 25 ps. Then the temperature was raised to 200 K,
and backbone atoms were harmonically constrained for 25 ps. Force constants for all harmonic constraints
were set to 1 kcal mol−1 A˚−2. Finally, the temperature was raised to 298.15 K, and all atoms were freed for
the next 2.95 ns. After this 3 ns equilibration, production run was performed for 20 to 30 ns.
2.13 Molecular dynamics simulations—umbrella sampling
The potential of mean force (PMF) W (ξ) along certain coordinate ξ [Kirkwood, 1935] is a key concept
in modern statistical mechanical theory of liquids and complex molecular systems. Here, ξ is a function
of system’s coordinates X (e.g. it may be a distance, an angle, or a more complicated function of X).
Calculating W (ξ) can determine the relative stabilities of the different conformations along ξ (see below),
which in turn provides valuable insights into the conformational equilibrium properties of the system and is
fundamental in rational design and modeling of drugs.
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The PMF can be written within an arbitrary constant as
W (ξ) =
1
β
ln 〈ρ(ξ)〉 (2.3)
where 〈ρ(ξ)〉 is the average distribution function along the coordinate ξ:
〈ρ(ξ)〉 =
∫
dXδ[ξ − ξˆ(X)]e−βUˆ(X)∫
dXe−βUˆ(X)
. (2.4)
Circumflexes over the symbol denote functions2 and the internal energy of the system is Uˆ(X), where
X represent coordinates of all particles. From equation 2.3, it is easy to see that probability of the system at
two different conformation ξ and ξ′ is determined by
〈ρ(ξ)〉
〈ρ(ξ′)〉 = exp[−β(W (ξ)−W (ξ
′))] (2.5)
Calculate the PMF W (ξ) of a protein or nucleic acids with explicit solvents (around 100,000 atoms)
from an unbiased MD simulation is very computationally demanding, and often impractical. The presence
of high energy barriers may limit the sampling within a few low energy states; and according to Boltzmann
distribution, these high energy barriers themselves will be scarcely sampled, and their W (ξ) can only be
estimated inaccurately. To avoid such difficulties, several sampling techniques have been developed to
calculate PMF effectively. One of these approaches is the umbrella sampling method [Torrie and Valleau,
1974]. In this method, an artificial bias, usually a harmonic restraint around a chosen ξ, is introduced to
confine the variations of ξˆ(X) around ξ, helping to enhance the sampling of the neighborhood of ξ. To
obtain the PMF over the whole range of interest, a series of umbrella sampling simulations centering at
different ξ are performed. In these simulations, Uˆ0(X) is replaced by a modified potential, Uˆ{λ}(X), which
can be generally written as
Uˆ{λ}(X) = Uˆ0(X) +
L∑
i=1
λiVˆi(X) =
L∑
i=0
λiVˆi(X), (2.6)
where the L functions, Vˆ1(X), Vˆ2(X), · · · , VˆL(X), are restraining potentials and the λi are coupling param-
eters. The symbol in braces, {λ}, denote the set of values λ1, λ2, · · · , λL, and we can preferentially sample
2Thus ξˆ(X) denotes the function and ξ a particular value the function takes.
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any window along coordinate ξ by adjusting {λ}. Note that Vˆ0(X) is defined being identical to Uˆ(X) and
unless stated otherwise λ0 is set to unity.
To reconstruct the unbiased W (ξ) from umbrella sampling simulations, several methods have been pro-
posed, among which the weighted histogram analysis method (WHAM) proposed by Kumar et al. [Kumar
et al., 1992] is the most robust. A full detailed derivation of the WHAM equations (equation 2.22, 2.23) is
provided below. This derivation is based on Kumar’s original paper [Kumar et al., 1992] , and a mistake in
his derivation was fixed.
Consider R umbrella sampling simulations at constant temperature β with the ith simulation being
carried out using {λ}i for its coupling parameters. Let the number of snapshots taken from the ith simulation
be ni.
From statistical mechanics, the partition function Z{λ},β of a system whose internal energy is given by
equation 2.6 is
Z{λ},β =
∑
{V },ξ
Ω({V }, ξ)
L∏
i=0
exp (−βλiVi) (2.7)
where Ω({V }, ξ) is a generalized density of states
Ω({V }, ξ) =
∫
dXδ[ξ − ξˆ(X)]
L∏
i=0
δ[Vi − Vˆi(X)]. (2.8)
Therefore, the corresponding generalized probability, which is the probability to have ξ(X) = ξ, Vˆ1(X) =
V1, Vˆ2(X) = V2, · · · , VˆL(X) = VL, is given by
P ({V }, ξ) =
Ω({V }, ξ) exp
(
−β∑Li=0 λi,kVi)
Z({λ},β)
, (2.9)
An estimation of P ({V }, ξ) from the kth simulation, P˜k({V }, ξ), simulation is given by:
P˜k({V }, ξ) = Nk({V }, ξ)
nk
, (2.10)
where Nk({V }, ξ) is the value taken by the histogram at {V } and ξ during the kth simulation. Using
equation 2.9, we can derive an estimation of the generalized density of states from the kth simulation,
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Ω˜k({V }, ξ), to be
Ω˜k({V }, ξ) = Nk({V }, ξ)
nk
exp
[
β
(
L∑
i=0
λi,kVi −Ak
)]
(k = 1, 2, · · · , R) (2.11)
where Ak is the free energy associated with the kth simulation and can be defined by using the partition
function associated with the kth simulation, Z{λ}k,β
Ak ≡ − 1
β
lnZ{λ}k,β (2.12)
There will be R such estimates. The best value for the density of states, Ω˜({V }, ξ), is written as a
weighted sum of the R estimates Ω˜k({V }, ξ)(k = 1, 2, · · · , R), that is
Ω˜({V }, ξ) =
R∑
j=1
ωj({V })Ω˜j({V }, ξ) (2.13)
subject to
R∑
j=1
ωj({V }) = 1. (2.14)
The set of ωi that yield the best estimate of Ω({V }, ξ) is derived by minimizing the statistical error,
δ2Ω˜({V }, ξ), given by
δ2Ω˜({V }, ξ) =
R∑
j=1
ωj({V })δ2Ω˜j({V }, ξ) (2.15)
and
δ2Ωk({V }, ξ) = 1
n2k
exp[2β(
L∑
i=0
λi,kVi −Ak)]× δ2Nk({V }, ξ). (2.16)
Following Ferrenberg and Swendson [Ferrenberg and Swendson, 1989], we assume Ni({V }, ξ) obeys
Poisson distribution and its variance is equal to its expected number of occurrence:
δ2Nk({V }, ξ) = gkNk({V }, ξ) (2.17)
where the bar indicates the expectation value with respect to all simulations of length nk and gk = 1 + 2τk,
where τk is the integrated correlation time of the kth simulation.
28
Using equation 2.11, we can estimate Nk({V }, ξ) as
Nk({V }, ξ) = nkΩ({V }, ξ) exp[β(Ak −
L∑
j=0
λj,kVj)] (k = 1, 2, · · · , R) (2.18)
Combining equations 2.15, 2.16, 2.18, we have
δ2Ω˜({V }, ξ) =
R∑
j=1
ω2j ({V })
gj
nj
Ω˜j({V }, ξ) exp[β(
L∑
i=0
λi,kVi −Ak)]. (2.19)
The error is then minimized by setting the partial derivatives ∂[δ2Ω˜({V }, ξ)]/∂ωk(k = 1, 2, · · · , R) equal
to zero subject to equation 2.14. This can be done using Lagrange multiplier and the corresponding weight
ωk is
ωk =
1
gk
exp
[
−β
(
L∑
i=0
λi,kVk −Ak
)]
R∑
j=0
nj
gj
exp
[
−β
(
L∑
i=0
λi,jVj −Aj
)] (2.20)
Combining this result with equation 2.13, we have:
Ω˜({V }, ξ) =
R∑
k=0
1
gk
Nk({V }, ξ)
L∑
j=0
nj
gj
exp
[
−β
(
L∑
i=0
λi,jVj −Aj
)] (2.21)
and the famous WHAM equations:
P{ξ}({V }, ξ) = Ω˜({V }, ξ) exp
−β L∑
j=0
λjVj

=
R∑
k=1
1
gk
Nk({V }, ξ) exp
−β L∑
j=0
λjVj

L∑
j=0
nj
gj
exp
[
−β
(
L∑
i=0
λi,jVj −Aj
)] (2.22)
and
Ak = − 1
β
∑
{V },ξ
P{ξ}k({V }, ξ), (2.23)
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where {ξ}k denotes the {ξ} used in the kth simulation. This set of WHAM equations are solved iteratively
to give a self-consistent solution of Ak, which can then be used to derive the unbiased probability P{ξ}0
({ξ}0 denotes the set of {ξ} in which ξ1 = ξ2 = · · · = ξn = 0).
2.14 Molecular dynamics simulations—metadynamics
As a potent alternative to umbrella sampling, metadynamics is a powerful algorithm to rapidly explore
and accurately determine the free energy of a system as a function of ξ [Laio and Parrinello, 2002; Laio
et al., 2005]. Its original formalism has been extended to well-tempered metadynamics to improve the free
energy estimation [Barducci et al., 2008], and parallel tempering metadynamics to enhance the sampling
of degrees of freedom not explicitly included in the simulations [Bussi et al., 2006]. Furthermore, bias-
exchange metadynamics can determine a high dimensional free energy surface and determine the kinetic
rate constants of transitions between different conformations [Marinelli et al., 2009; Piana and Laio, 2007;
Pietrucci et al., 2009]. The principles of the standard metadynamics and well-tempered metadynamics will
be described below together with alanine dipeptide as a test case.
In the standard metadynamics algorithm, a small repulsive Gaussian potential is added every τ steps in
the MD simulation to gradually drive the system out of the free energy minima:
VG(ξ, t) = ω
t∑
t′=τ,2τ,···
exp
(
−(ξ − ξ(t
′))2
2σ2
)
, (2.24)
where ξ(t) is the value taken by the ξ(X) at time t. Each term in the summation is a Gaussian of width σ,
height ω and is deposited at time t′ = nτ on the value of ξ(t′). The free energy F (ξ) can be estimated as
F (ξ) ≈ lim
t→∞VG(ξ, t). (2.25)
This is the basic equation of metadynamics. It was heuristically postulated in the original paper [Laio and
Parrinello, 2002], and has been validated in the case of Langevin dynamics [Bussi et al., 2006].
A benchmark for free energy calculation method is the conformational space of alanine dipeptide in
vacuo specified by the two dihedrals φ and ψ (Figure 2.4). A 15 ns metadynamics simulation has been
performed for this small system using program NAMD 2.7 [Phillips et al., 2005], with ω = 0.3 kcal/mol,
σ = 5 degrees for both dihedrals and τ = 0.1 ps. The free energy reconstructed from different time in the
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simulation are plotted in Figure 2.5. In the metadynamics simulation, the free energy surface is gradually
build up from a free energy minima, and in the end of simulation, the free energy surface has been flattened
by VG(ξ, t) and the system can freely diffuse on the φ, ψ plane (Figure 2.6).
Figure 2.4: Alanine dipeptide. The structure of alanine dipeptide and the two dihedrals φ and ψ are shown.
Figure 2.5: Time evolution of free energy surface in the metadynamics simulation. The free energy
surface of alanine dipeptide as a function of φ and ψ was calculated by a 15 ns metadynamics simulations.
Free energy calculated from trajectories up to 0.1 ns (A), 1 ns (B), 4 ns (C), 7 ns (D), 10 ns (E) and 15 ns (F)
are displayed with the isosurfaces drawn every 1 kcal/mol.
In well-tempered metadynamics [Barducci et al., 2008], the free energy surface at time t, F (ξ, t), as a
function of the collective variable ξ, is calculated by
F (ξ, t) = −T + ∆T
∆T
V (ξ, t), (2.26)
where V (ξ, t) is the bias potential added to the system, T + ∆T is the enhanced temperature of CV and T
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Figure 2.6: Distribution of (φ, ψ) in different stages of metadynamics simulation. The distribution of
(φ, ψ) at the following intervals are plotted as white crosses: 0–0.1 ns (A); 0–1 ns (B); 3–4 ns (C); 6–
7 ns (D); 9–10 ns (E); 14–15 ns (F). The distributions are mapped onto the free energy surface reconstructed
up to the last frame in the interval. The free energy surface of alanine dipeptide as a function of φ and ψ was
calculated by a 15 ns metadynamics simulations. Free energy calculated from trajectories up to 0.1 ns (A),
1 ns (B), 4 ns (C), 7 ns (D), 10 ns (E) and 15 ns (F) are displayed with the isosurfaces drawn every 1 kcal/mol.
is the simulation temperature (298K). Unlike the standard metadynamics that aims to completely flatten the
free energy surface by VG(ξ, t), well-tempered metadynamics scales the free energy surface by a factor of
T/(T + ∆T ) to the residual Fr(ξ, t):
Fr(ξ, t) = F (ξ, t) + VG(ξ, t)
=
T
T + ∆T
F (ξ, t) (2.27)
Such kind of scaling is achieved by modify VG(ξ, t) to the following form:
VG(s, t) =
t∑
t′=τ,2τ,···
ωeV (s,t
′)/∆T exp
(
−(s− s(t
′))2
2σ2
)
. (2.28)
Each term in the summation is a Gaussian of width σ, height ωeV (s,t
′)/∆T and is deposited at time t′ = nτ
on the value of s(t′). Unlike standard metadynamics, at each deposition time t′, the initial height of the
Gaussians, ω, is scaled down by the exponential of the concurrent biasing potential V (s, t′) over ∆T , a
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Figure 2.7: Sampling and free energy calculation from well-tempered metadynamics. A 10 ns trajectory
of well-tempered metadynamics with different choices of ∆T (600 K, (a); 1800 K, (b); 3000 K, (c)) is
mapped onto the (φ, ψ) plane. The calculated free energy surface is shown in the corresponding lower
panel.
parameter tuning the height of Gaussians. This new feature accelerates the convergence of free energy
surface and avoids the sampling of physically-irrelevant high free energy states caused by over-filling.
To illustrate the advantage of well-tempered metadynamics, we calculate the free energy surface of
alanine dipeptide with ∆T = 600 K, 1800 K and 3000 K, respectively. Each simulation has been performed
for 10 ns, with the same metadynamics parameter as described above. From equation 2.27, a smaller ∆T
gives a larger Fr(ξ, t), which prevents the sampling of those high free energy conformations (Figure 2.7).
This is computationally economic as in most cases, we only care about those frequently populated states
with a relatively low free energy. The acceleration of convergence is illustrated by the convergence of free
energy difference between two metastable states, ∆F (t) = F (C7ax, t)−F (C7eq, t). In the three simulations
with well-tempered metadynamics, the fluctuation of ∆F (t) decreases progressively; while in the standard
metadynamics, ∆F (t) keeps fluctuate around the correct value (Figure 2.8).
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Figure 2.8: Well-tempered metadynamics improved the accuracy of free energy determination. The
estimate of free energy difference between two metastable minima C7ax(70,−70) and C7eq(−83, 74) are
plotted as a function of simulation time for different metadynamics simulations (standard metadynamics,
blue; well-tempered metadynamics with ∆T = 600 K, yellow; 1800 K, red; 3000 K, orange.) A zoom-in of
the last 3 ns is shown in the inset.
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Chapter 3
Free energy landscape of ATP binding to glutamyl-tRNA synthetase
3.1 Background
Aminoacyl-tRNA synthetases (aaRSs) bind adenosine triphosphate (ATP) as a prerequisite for aminoacy-
lation reactions involved in setting the genetic code [Ibba and So¨ll, 2000]. The high specificity of ATP
over other nucleoside triphosphate in the activation step is well-established [Kern and Lapointe, 1979]. In
class I aaRSs [Hountondji et al., 1986], ATP binds to a site located in a classical Rossmann fold — a fold
ubiquitously found in nucleotide-binding proteins such as kinases and dehydrogenases. The Rossmann fold
is characterized by an alternating α/β topology. The signature “HIGH” motif for class I aaRSs is located
in the loop connecting the first β-strand to the following α helix, while the other signature “KMSKS” loop
is positioned preceding the last α-helix. Affinity labeling shows that the KMSKS loop in class I aaRSs is
critical for the ATP binding [Hountondji et al., 1990]. Interestingly, the KMSKS motif is not only highly
conserved in all class I aaRSs, but also corresponds to the “Walker” sequence found in other nucleotide
binding proteins [Hountondji et al., 1993; Walker et al., 1982], including myosin and ATP synthase.
Despite ATP’s central role in numerous biochemical reactions, little is known about the dynamic pro-
cess of ATP binding. To gain insight into this process we use a class I aaRS as the model system and begin
by considering the following questions: While the KMSKS loop may help attract the ATP to the enzyme,
how does ATP ultimately find its binding site? What features of the protein influence the binding path-
way(s) and can we identify the quality control step whereby the enzyme selects ATP over other nucleoside
triphosphates? In the docked state, the protein interacts with all three functional moieties of the ATP, the
triphosphate, ribose, and adenine groups, but is there an order to their binding?
The contents of this chapter are based in part on a manuscript in preparation by Li Li, Susan A. Martinis and Zaida Luthey-
Schulten. “Free energy landscape of a millisecond ligand binding process.”
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Experimental studies of ATP binding is sometimes complicated by the ensued chemical reaction. Three
aaRSs are known for their dependence on tRNA for the amino acid activation [Ravel et al., 1965], which
effectively decouples ATP binding from the following activation and aminoacylation reaction. Among these
aaRSs, glutamyl-tRNA synthetase (GluRS) is perhaps the best system to investigate ATP binding mecha-
nisms because X-ray crystallography has provided a full spectrum of high-resolution crystal structures in
various ligand states [Nureki et al., 1995; Sekine et al., 2003, 2006]. Precise coordinates of the bound state
and unbound states are known, but while the free energy differences between these states can be measured
from experiments such as fluorescence titration, it is difficult to determine the free energy change along a
binding pathway.
In this case, the experiments can be complemented by all-atom molecular dynamics (MD) simulations
using explicit solvent. In these simulations, the system is evolved under certain conditions and the result-
ing time-resolved atomic structures, or trajectories, are used to extract thermodynamic or kinetic properties
of the system. The millisecond ATP-binding process [Pope et al., 1998] is however a challenge from a
computational perspective, as it is difficult to sample such a rare event using unbiased molecular dynamics
simulations for such a large system. To overcome the issue of sampling, a number of advanced algorithms
have been introduced, such as umbrella sampling [Torrie and Valleau, 1974], steered molecular dynam-
ics [Grubmu¨ller et al., 1996], parallel tempering [Hansmann, 1997], transition path sampling [Bolhuis et al.,
2002] and metadynamics [Barducci et al., 2008; Laio and Parrinello, 2002]. In metadynamics the sampling
is accelerated by adding a biasing potential based on pre-defined “collective variables” (CVs) to overcome
the free energy barrier. While not unique, this set of CVs should discriminate between the states of interest
and approximately describe the real “reaction coordinate”. For an appropriately chosen set of variables, the
biasing potential in metadynamics can be used to estimate the underlying free energy surface (FES) [Bar-
ducci et al., 2008; Bussi et al., 2006]. Metadynamics has successfully predicted the free energy differences
and several other aspects of ligand binding [Fidelak et al., 2010; Gervasio et al., 2005; Limongelli et al.,
2010; Pietrucci et al., 2009]. From knowledge of the calculated surface, the main binding pathway and
interactions with the protein can be determined.
In this article, we combined metadynamics as well as unbiased MD simulations with fluorescence spec-
troscopy and mutagenesis studies to investigate the free energy landscape of ATP binding to GluRS. The
most stable conformation in the FES corresponds to the crystal structure and the calculated binding free
energy is within the error of experimental measurement. The string method [E et al., 2007] was used to
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identify the dominant ATP binding pathway. From the pathway, we identified an intermediate state in which
ATP forms base-stacking interaction with the first histidine in the signature “HIGH” motif. Mutation of
this histidine results in a substantial decrease of ATP binding affinity. Finally, based on the calculated path-
way, we proposed the putative intermediate conformational states that GluRS uses to select ATP over other
nucleoside triphosphates. Taken together, our simulations provide a complete, quantitative picture of ATP
binding at atomic resolution and yield predications that have been verified experimentally. The detailed
binding mechanism may provide insights for other enzymes that share a similar ATP binding site.
3.2 ATP binds to GluRS:Glu in an inactive mode
To provide a background of our system, we first review some important features of the GluRS:Glu:ATP
complex (3.3). X-ray crystallographic study reveals ATP binds to GluRS as [ATP·Mg·3H2O]2−, in which
Mg2+ has an octahedral coordination state with one oxygen from each of the three phosphate groups and
three water molecules [Sekine et al., 2003]. This complex remains stable in our 22-ns unbiased simulation
(Figure 3.1). The coordination state of Mg2+ is in sharp contrast with the unusual five-coordinated Mg2+ in
the active site of tryptophanyl-tRNA synthetase (TrpRS), a class Ic dimeric enzyme [Retailleau et al., 2003].
GluRS and TrpRS also differs significantly in ATP’s reactivity. Biochemical and crystallographic studies
revealed that in GluRS, ATP binds in an inactive conformation, while in TrpRS, ATP is in a reactive state.
In our unbiased simulations of the bound complex (based on PDB 1j09), the ATP remains inactive, which
is evident by monitoring the distance between the phosphorus in the α-phosphate of ATP with either two
terminal oxygens in glutamate backbone. The average distances are 7∼8 A˚, with a minimal separation of 5.5
A˚ (Figure 3.2). For comparison, in the crystal structure of TrpRS which reflects the active ATP conformation,
the corresponding distances are 2.76 and 4.29 A˚, respectively. Therefore, our unbiased simulations faithfully
represent the inactive ATP conformation.
To elucidate the energetic basis of the ATP binding, the local non-bonded interaction energies between
each residue in GluRS and ATP were averaged over simulation of the bound state (Figure 3.3B). The stabi-
lization is mainly attributed to the interaction with three positively charged residues in the KMSKS loop1,
with Lys246 displaying the highest stabilization energy, consistent with affinity labeling experiments [Houn-
tondji et al., 1990]. A breakdown of the interaction energy shows that electrostatic interaction plays a domi-
1The name KMSKS loop is used since this is the consensus sequence among all class-I aaRSs and is well-accepted in the field.
The actual sequence in T. thermophilus GluRS is KISKR.
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Figure 3.1: [ATP·Mg·3H2O]2− remains stable in GluRS active site 22-ns unbiased MD simulations. The
distance between Mg2+ and each coordinating oxygen atom is plotted as a function of simulation time. The
distributions of the distances during the simulations are shown in the histograms.
nant role (Figure 3.3B). The pivotal role of the KMSKS loop in ATP binding is further demonstrated by the
structural alignment of the bound and unbound states Figure 3.3A). ATP binding leads to a large conforma-
tional change of the KMSKS loop, which shifts GluRS active site from an “open” conformation (unbound
state) to a “closed” conformation (bound state). Similar conformational changes have also been observed in
other class I aaRSs [Kapustina and Carter, 2006; Retailleau et al., 2003; Yang et al., 2007], and have been
considered to support an “induced-fit” mechanism of binding.
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Figure 3.2: ATP adopts an inactive conformation in 22-ns unbiased MD. The distances between Pα in
ATP and oxygens in the backbone of glutamate are plotted as a function of simulation time. The distributions
of the distances during the simulations are shown in the histograms.
3.3 KMSKS loop stabilizes initial stage of ATP binding
To monitor the conformational change of the KMSKS loop as ATP binds to GluRS, we first used the mean-
square-displacement (MSD) of the KMSKS loop along with distance between ATP and GluRS as the CVs
of metadynamics simulations. The underlying FES is constructed from 70-ns metadynamics simulations
and is shown in Figure 3.4. The global minimum coincides with the crystallographic state, with an average
MSD around 0.4 A˚2. The free energy difference between the bound (state E in Figure 3.4) and unbound
states (state A in Figure 3.4) is 7 kcal/mol, which is consistent with the experimental results (vide infra).
These two facts support the accuracy of our results.
Also depicted in Figure 3.4 are representative conformations corresponding to the minima that are most
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Figure 3.3: Three-dimensional structure and energetics of GluRS:Glu:ATP ternary complex. A. Crystal
structure of the GluRS:Glu:ATP ternary complex (PDB: 1J09). The ATP adopts a configuration which all
three phosphate groups are coordinated with the Mg2+ (pink), together with three extra water molecules
to form a stable octahedral structure. The hydrogen bonds and salt bridges were indicated by dashed lines
and the key residues interacting with ATP were annotated. The positions of the three positively-charged
residues and KMSKS loop (cyan) in the absence of ATP is also shown (PDB: 2cuz). The significant rear-
rangement of Lys246, Arg247 together with the latter half of the KMSKS loop is a result of ATP binding.
B. Mean local non-bonded interaction energies (blue) and electrostatic interactions (red) of GluRS:Glu with
[MgATP·3H2O]2−. The results were based on a 22-ns MD simulation of the ternary complex and the error
bars represented standard deviations calculated from 2,200 frames.
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relevant to the ATP binding process. By inspecting these conformations, a putative binding mechanism
emerges which includes five distinctive states. In the unbound state, there is no direct molecular interaction
between ATP and GluRS (Figure 3.4A), and the KMSKS loop of GluRS adopts an “open” conformation with
positively charged residues in an extended conformation. The encounter complex (Figure 3.4B) reflects an
ensemble in which triphosphate group of ATP binds to at least one of the three positively charged residues
in KMSKS loop. In these encounter complexes, the ribose and adenine base have not docked yet. The free
energy values further suggest that binding of triphosphate is a downhill process, without any significant free
energy barrier. Thus we expect this step is fast.
Following this fast binding of the triphosphate is an intermediate state (Figure 3.4C), which has the
triphosphate group bound similar to the crystal structure and the adenine base of ATP flipped inward and
base-stacked with His15 in the active site. Further binding of ATP involves a relative high energy state
(Figure 3.4D), in which the ribose is much closer to the binding pocket. In order to accommodate the ribose
binding, the base stacking between adenine and His15 is broken, which destabilizes the system and increases
the free energy. Finally, in the bound state the adenine and ribose bind to GluRS as in the crystal structure.
Free energy values of these states suggest a significant barrier (11 kcal/mol) between state B and D. We
propose that the binding of the nucleoside moiety is the rate-limiting step of ATP binding. The MSD of the
KMSKS loop gradually decreases with the binding of ATP, in agreement with the “induced-fit” model.
3.4 Experimental verification of metadynamics simulation
One key prediction of metadynamics simulation is that the binding free energy of ATP is 7 kcal/mol. To
validate this result, an in vitro system of T. thermophilus GluRS was set up. The purified recombinant
GluRS was active as it robustly aminoacylated in vitro transcribed T. thermophilus tRNAGlu (Figure 3.5).
The binding of ATP to GluRS:Glu causes∼15% decrease in the protein’s intrinsic fluorescence (Figure 3.6),
and this decrease enables us to measure the Kd of ATP by fluorescence titration. The inner filter effect of
ATP, a main obstacle in a previous study [Sheoran et al., 2008], was corrected using equation 3.1. The Kd
determined from triplicated experiments was 50±12 µM (Figure 3.8A), similar to the Kd of other class I
aaRS obtained by stopped-flow fluorescence experiments (70±10 µM) [Pope et al., 1998]. The measured
Kd corresponds to a binding free energy of 5.9±1.4 kcal/mol, which is in excellent agreement with our
calculated result (7 kcal/mol).
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Figure 3.4: Free energy surface of ATP binding to GluRS:Glu as a function of the distance and MSD
CVs. The contours are drawn every 1 kcal/mol. The four main free energy basins (A-C, E) and the puta-
tive transition state (D) are highlighted on the free-energy surface (F). The five snapshots displayed in the
surrounding panels represent the following configurations: A, unbound state; B, “encounter complex”; C,
an intermediate state features base-stacking interaction between His15 and adenine; D, relative high energy
state; E, fully bound state. The ATP and its interacting residues are shown in licorice, while the protein is
shown in yellow. The hydrogen atoms are not displayed for clarity.
The states B and C in the calculated free energy surface further suggested that KMSKS loop and His15
play critical roles in ATP binding. To test these predictions, we introduced three single mutations: an alanine
mutation of His15 (H15A), and alanine mutations of Lys246 Arg247 in the KMSK loop (K246A, R247A).
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MFigure 3.5: Recombinant T. thermophilus GluRS aminoacylates transcribed T. thermophilus tRNAGlu.
The aminoacylation assay was performed at 37 ◦C, pH 7.5, and the reaction buffer included 40 µM [14C]-
glutamate, 2 mM ATP, 5 µM tRNAGlu and 100 nM GluRS. Error bars represent standard deviations from
triplicated reactions.
Significantly, we observed a 26-fold decrease of ATP binding affinity in the H15A mutant (Figure 3.8B)
as well as ≈20-fold decrease in K246A and R247A (Figure 3.8C,D). While the function of KMSKS loop
can be understood by electrostatic interactions and is evident from the energetic calculation of the bound
state (Figure 3.3B), the importance of His15 is only revealed with a dynamic picture of ATP binding cal-
culated with metadynamics simulation. Furthermore, our computational and experimental results provide a
thermodynamic explanation of the conservation of this histidine among class I aaRSs [Moras, 1992].
3.5 Sampling triphosphate group binding with unbiased MD simulations
Metadynamics simulation predicts that the the first stage of ATP binding involves a fast binding of triphos-
phate group. Since this hypothesis is difficult to test experimentally, we refer to unbiased MD simulations
for a computational verification. Five ATP molecules were placed distantly from the enzyme and sixteen
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Figure 3.6: Fluorescence emission spectra for T. thermophilus GluRS. The fluorescence emission spectra
for ATP, T. thermophilus GluRS:Glu and GluRS:Glu:ATP are shown (λex = 295 nm, λem = 310-400 nm).
Emission spectra were measured in a buffer with 60 mM tris(hydroxymethyl)aminomethane (Tris) pH 7.5,
10 mM MgCl2 and 1 mM dithiothreitol (DTT). For GluRS:Glu and GluRS:Glu:ATP, the concentrations of
GluRS and Glu were 0.5 µM and 1 mM, respectively. For ATP and GluRS:Glu:ATP, concentration of ATP
was 1 mM.
unbiased MD simulations (10-ns each) were performed independently. We note here that even though the
ratio of ATP/GluRS is 5:1, it is still much lower compared to the ratio of 4,000∼10,000:1 in experimental
conditions.
We observed the formation of intermediate ATP-GluRS:Glu complex in nine out of sixteen 10-ns sim-
ulations. Particularly, in one out of the sixteen simulations (simulation B), the triphosphate group of ATP
bound to GluRS in a way similar to the crystal structure, albeit the nucleoside was oriented outside of the
binding pocket. In all of these nine encounter complexes, ATP bound to GluRS via its triphosphate group,
which formed interactions with one of the three positively charged residues in the KMSKS loop with salt
bridges or pi-cation interaction(Figure 3.9). These interactions are not necessarily the same as the crys-
tal structure, but are strong enough to hold the ATP near the enzyme for more than 1 ns. Therefore, the
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Figure 3.7: Titration of GluRS:Glu with ATP. A. A typical time-course of the fluorescence titration of ATP
to 0.25 µM GluRS:Glu complex. B. The fluorescence intensity after the correction of inner filter effect.
predictions of our metadynamics are well supported by the unbiased MD simulation results.
The fact that initial interaction between GluRS and ATP is exclusively mediated by the triphosphate
group and the KMSKS loop underlines the importance of electrostatic interactions in the formation of en-
counter complexes [Ubbink, 2009]. This is also supported the observation that the 1 kBT electrostatic
isosurface forms a funnel around the KMSKS loop to attract the negatively charged [ATP·Mg·3H2O]2−
(Figure 3.10). A similar electrostatic-funneling mechanism has been proposed for ADP membrane trans-
porter, in which the initial binding of ADP occurred within the first 3 ns of the simulation [Wang and
Tajkhorshid, 2008].
Detailed analysis of simulation B’s trajectory revealed that in the early stage of binding, Arg247 adopts
an extended conformation and gradually folds back, bringing ATP closer to its binding site (Figure 3.11).
This is reminiscent of the “fly-casting” mechanism for DNA-protein binding [Shoemaker et al., 2000]. A
complete binding was not observed even though this simulation was extended for another 30 ns. This is
not surprising since the ATP binding to aaRS occurs on milli-second timescale [Pope et al., 1998], which is
in sharp contrast to the fast initial binding. This is also consistent with the prediction from metadynamics
simulation that the binding of nucleoside has a much higher free energy barrier.
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Figure 3.8: Determination of Kd between ATP and GluRS:Glu complex. The fraction of ATP-bound
wild-type GluRS (A), H15A (B) as well as K246A (C) and R247A (D) GluRS mutant are plotted as a
function of ATP concentration. Error bars represented standard deviations from triplicated measurements.
3.6 A proposed model of base selection
Both unbiased and metadynamics simulations suggest that the binding of nucleoside is the rate-limiting
step in ATP binding. To gain a more detailed understanding of this process, we applied a new set of CVs
that directly monitor the binding of ribose and adenine, respectively. The resulting free energy surface is
shown in (Figure 3.12F). Again, the global minima corresponds to the crystallographic state (Figure 3.12E).
In addition, we identified an intermediate state (Figure 3.12A) that corresponds to the state that adenine
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Figure 3.9: Encounter complex ensemble of ATP binding identified by unbiased MD simulations. From
sixteen unbiased simulations, we identified nine putative states of the encounter complex ensemble (A-I).
The ATP and its interacting residues were shown in licorice, while the protein was shown in yellow cartoon.
Key interactions that stabilize the encounter complexes are indicated by black dashed lines. In state G, the
pi-cation interactions between Arg247 and adenine also contributed to stabilize the encounter complex. The
hydrogen atoms were not displayed for clarity.
base-stacked over His15, which is considered as the starting point of nucleoside binding from our previous
metadynamics calculation. A minimum free energy path that connects these two states was calculated
using the zero-temperature string method [E et al., 2007] and shown in Figure 3.12. Detailed analysis
of the trajectory revealed that His15 serves as the platform for adenine to slide into the pocket via base
stacking interaction (Figure 3.12A-B). This is consistent with our previous metadynamics simulation and
mutagenesis results.
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Figure 3.10: Electrostatic properties of GluRS:Glu complex. Molecular surfaces of GluRS:Glu in grey
with its electrostatic potential isosurface, calculated at 1 kBT, displayed in blue meshes. The KMSK loop is
shown in yellow with VDW representations.
Further movement of the adenine requires the disruption of the base stacking interactions and leads to a
high free energy state (Figure 3.12C). The PMF starts to decrease when adenine forms two hydrogen bonds
with backbones of Leu236, resulting an intermediate state of the binding (Figure 3.12D). We hypothesize
that it is between the high free energy state and the intermediate state that GluRS selects the incoming ATP
and blocks the similar-sized GTP (replacing ATP by GTP will break both hydrogen bonds with Leu236
backbone and resulting in repulsive electrostatic interactions, see (Figure 3.13). Interestingly, the distance
between ribose and Glu (∼6 A˚) at this state is too long for a stable hydrogen bond. Therefore, this important
quality control step precedes the binding of ribose. Only after the binding of adenine base (Figure 3.12D),
the ribose is allowed to bind and form the fully bound state (Figure 3.12E).
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Figure 3.11: Binding of the trisphosphate group of ATP to GluRS. Four snapshots were taken along the 10-
ns trajectory that captures the binding of triphosphate group to GluRS. The ATP and its interacting residues
were shown in licorice, while the protein was shown in yellow cartoon. Key interactions that stabilize the
encounter complexes are indicated by black dashed lines. The hydrogen atoms were not displayed for clarity.
The side chain of Arg247 gradually folds back as ATP binds, reminiscent of the “fly-casting” mechanism of
DNA-protein binding.
3.7 Remarks
ATP is a key molecule providing energy for many cellular processes. The binding of ATP to GluRS has been
studied here by all-atom MD simulations and fluorescence measurement. The metadynamics simulations
indicate that ATP binding is a two-step process. In the first step, the triphosphate group of ATP is attracted
to GluRS via three flexible positively-charged residues in the KMSKS loop. This result is also confirmed
by long-time unbiased MD simulations, which further revealed several putative encounter complexes. In the
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Figure 3.12: Free energy surface of adenine and ribose binding as a function of two distance CVs. The
contours were drawn every 1 kcal/mol. The four PMF basins (A, B, D, E) and the putative transition state
(C) along the main binding pathway (black line and dots) are highlighted in the free-energy surface (F). The
five snapshots surrounding the FES represented the following configurations: A, the starting configuration
in which adenine forms base-stacking interaction with His15 ; B, the sliding of adenine along the surface of
His15 side chain; C, the putative transition state; D, an intermediate state in which the adenine has docked
but the ribose has not; E, the fully bound state. The ATP and its interacting residues were shown in licorice,
while the protein was shown in yellow cartoon. The hydrogen atoms were not displayed for clarity.
second step, the adenine slides into the binding pocket using His15 as its platform followed by the binding
of ribose ribose to the carboxyl group of the reactive Glu. The underlying free energy landscape of this
process was calculated by metadynamics and further confirmed by fluorescence measurement. The impor-
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Figure 3.13: Proposed selection mechanism of ATP over GTP in GluRS active site. The key residue in
GluRS for adenine selection (Leu236) is shown in blue and the base of the incoming ATP (A) or GTP (B) is
shown in black.
tance of His15 and the KMSKS loop in ATP binding was confirmed by mutagenesis studies, in which the
mutants displayed at least 20-fold reduction in ATP binding affinity. Furthermore, our simulation suggests
that the nucleotide selection precedes the binding of ribose, underscoring the insight dynamics brings to
understanding the ligand recognition process.
To our knowledge, this study reports one of the first comprehensive atomic level investigations of a
ligand binding process that takes place on a milli-second timescale. Remarkably, even though such kind of
processes are still out of the range of conventional MD simulations, we were able to gain much insight from
a judicious combination of advanced sampling techniques and experiments.
3.8 Methods
Simulation systems.
The bound GluRS:Glu:ATP complex and the unbound GluRS:Glu complex in Thermus thermophilus were
modeled based on the 1.80 A˚ crystal structure of GluRS:Glu:ATP ternary complex (PDB entry 1J09) [Sekine
et al., 2003] and 1.98 A˚ crystal structure of GluRS:Glu binary complex (PDB entry 2CUZ) [Sekine et al.,
2006], respectively. The program PROPKA [Bas et al., 2008] was used to perform pKa calculations to
aid the assignment of side-chain protonation states. In the crystal structure, ATP forms a stable complex
with Mg2+and three water molecules in GluRS active site. This [ATP·Mg·3H2O]2−complex is stable in
our MD simulations (3.1). Further validation of this assignment is provided in the supporting information.
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Both systems were then solvated in 71×103×69 A˚3 water boxes with TIP3P water molecules to ensure the
minimum distance between any protein/ATP atom and the side of the box is 12 A˚ and neutralized with 5 (3)
K+ ions for the bound (unbound) complex in VMD [Humphrey et al., 1996]. The final systems contain
∼7.1×104 atoms.
In the unbiased simulation of ATP binding to GluRS:Glu, the water box was enlarged to allow five
[ATP·Mg·3H2O]2− molecules to be placed in the bulk with randomized orientations and sufficient separa-
tion. The minimum distance between ATP and GluRS was larger than 15 A˚ and the minimum distances
between each ATP molecule was larger than 14 A˚, such that motion of each ATP can be considered as inde-
pendent during the early phase of the simulation. Four different sets of ATP configurations were simulated
(ATP binding I to ATP binding IV in 3.1). To further enhance the sampling, for each ATP configuration,
four distinct GluRS:Glu complexes were used based on the conformational diversity of the KMSKS loop
(vide infra). Each system was solvated and neutralized using the same protocol as described above. The
additional ATP and water molecules increases the size of the system to ∼100× 100× 160 A˚3 with the final
systems contain ∼1.4×105 atoms.
Unbiased MD simulations.
A total of 210 ns unbiased MD simulations were performed (3.1), using the program NAMD 2.7 [Phillips
et al., 2005] with CHARMM 27 parameter set [MacKerell et al., 1998]. All unbiased simulations were
done with periodic boundary conditions using the NPT ensemble. Langevin dynamics was used to keep
the temperature at 298K with a damping constant of 5 ps−1, and a Langevin piston [Feller et al., 1995]
was applied to maintain the pressure at 1 atm. The bonded, non-bonded, and electrostatic interactions were
calculated at time steps of 1, 2, and 4 fs, respectively. For non-bonded interaction, the switching (cutoff)
distance was set at 10 (12) A˚. The Particle Mesh Ewald (PME) method [Darden et al., 1993] with a grid
density of at least 1 A˚−3 was used for computing long-range electrostatic interactions.
The minimization and thermalization of the bound (for the metadynamics) and unbound systems (for
sampling of the conformational diversity of the KMSKS loop) were performed as described in section 2.12.
Both systems were equilibrated for 3 ns followed by 22 ns production run.
In order to generate representative structural ensembles for the unbiased ATP binding simulations, root-
mean-square deviation (RMSD) conformational clustering was performed. Structures were extracted in
200 ps intervals over the simulation trajectory of the unbound state. The resulting 110 structures were
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superimposed using all Cα atoms to remove overall rotation and translation. The RMSD of all heavy atoms
in the KMSKS loop (residue 241 to 250) was chosen as the distance metric and the clustering was performed
using the cluster program in VMD [Humphrey et al., 1996]. Four main clusters were selected with a cutoff
of 1 A˚; from each cluster, one snapshot was chosen for ATP binding simulations.
Table 3.1: Summary of unbiased simulation systems.
System name Simulation time (ns)
Unbound 25
Bound 25
ATP binding I 10×4
ATP binding II 10×4
ATP binding III 10×4
ATP binding IV 10×4
Total 210
Metadynamics simulation of KMSKS loop’s conformation in ATP binding.
Two CVs were used to investigate the conformational change of KMSKS loop in the ATP binding
process. Both CVs had the same initial deposition rate of 1.0 kcal/(mol · ps), which gradually decreased
in the simulation according to the well-tempered metadynamics formalism. The first CV characterized the
distance between ATP and its binding site in GluRS. It was calculated as the center-of-mass (CoM) distance
between heavy atoms in ATP and a list of atoms of the ATP binding site in GluRS (3.2). The width of the
CV was 0.5 A˚. To enhance the sampling of the relevant CV space, a quartic wall was applied to this CV to
prohibit the distance exceeding 20 A˚, which is sufficient for ATP to completely dissociate from GluRS. To
capture the flexibility of the KMSKS loop, the second CV was the mean square deviation (MSD) of the Cα
atoms in the KMSKS loop (residue 241 to 250) as well as the following side chain atoms: NZ atoms for
Lys243, Lys246 and CZ atom for Arg247. The same set of atoms were used for alignment and the crystal
structure was used as the reference. The width of this CV was 0.07 A˚2. The metadynamics simulation has
been run for the equivalent of 70 ns in classical MD “time”. During the course of the simulation, all the
relevant low free energy CV space was explored, and at the end of the simulation, the weighted hill height
was almost zero (< 0.002 kcal/mol).
Metadynamics simulation of nucleoside binding.
To gain a more detailed picture of ATP binding after the docking of its triphosphate group, two additional
CVs were chosen to monitor the interaction between GluRS and the nucleoside part of ATP. The initial
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Table 3.2: Lists of atoms defining the center of ATP binding site in GluRS.
Residue Atom
His15 NE2
Leu236 N
Leu236 O
Lys243 NZ
Ser245 OG
Lys246 NZ
Arg247 CZ
Glu OT1
Glu OT2
deposition rate for both CVs was 0.4 kcal/(mol · ps). The first CV was the CoM distance between N1,
N6 atoms of ATP and backbone N and O atoms of Leu236. These atoms form two hydrogen bonds and
are responsible for the recognition of the adenine base. Similarly, the second CV was the CoM distance
between two oxygen atoms on the backbone carboxyl group of glutamate substrate and O3′ of the ribose.
The hydrogen bond between these atoms anchors the ribose of ATP in the crystal structure. For both CVs, the
width was 0.2 A˚ and a quartic wall was applied to prohibit the distance exceeding 11 A˚. The metadynamics
simulation has been run for the equivalent of 60 ns in classical MD “time”. During the course of the
simulation, all the relevant low free energy CV space was explored, and at the end of the simulation, the
weighted hill height was almost zero (< 0.002 kcal/mol).
Cloning and in vitro transcription of the T. thermophilus tRNAGlu gene.
To reconstitute the T. thermophilus GluRS aminoacylation complex in vitro, the gene for T. thermophilus
tRNAGluGAG was amplified via PCR from 50 ng T. thermophilus genomic DNA (American Type Culture Col-
lection, Manassas, VA) and was cloned into pUC18 vector using BamHI and HindIII restriction sites to yield
pUC18LiTttRNAGlu. The plasmid (450 µg) was digested overnight with 25 units of SacII and then used as
a template for in vitro runoff transcription [Sampson and Uhlenbeck, 1988]. The SacII digestion cleaves the
tRNA template after the penultimate nucleotide at the 3′ end to generate tRNAGlu without the terminal A76
(tRNAGlu∆A76). The tRNA
Glu
∆A76
transcript was purified by electrophoresis on a 10% polyacrylamide gel that
contained 8 M urea, and the terminal A76 was added enzymatically with nucleotidyl transferase as described
previously [Li et al., 2011].
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Preparation of wild-type T. thermophilus GluRS.
The T. thermophilus GluRS gene was amplified via PCR from 50 ng T. thermophilus genomic DNA and
cloned into pET15b vector using NdeI and BamHI sites. The resulting plasmid p15LiTtGluRS was used
to transform E. coli BL21 (DE3) strain to express GluRS via IPTG induction. The GluRS was purified
via HIS-Select HF nickel affinity resin (Sigma, St. Louis, MO) followed by HiTrap 16/60 size-exclusion
Superdex 75 purification column (GE Healthcare, Piscataway, NJ). The activity of GluRS was tested by
in vitro aminoacylation assays containing 60 mM tris(hydroxymethyl)aminomethane (Tris) pH 7.5, 10 mM
MgCl2, 1 mM dithiothreitol (DTT), 40 µM [14C]-glutamate (GE Healthcare), 2 mM ATP, 5 µM tRNAGlu
and 100 nM GluRS. The assays were performed at 37 ◦C as described previously in detail [Karkhanis et al.,
2006].
Preparation of T. thermophilus GluRS mutants.
The plasmid p15LiTtGluRS containing the wild-type T. thermophilus GluRS gene was used as a template
to introduce alanine mutations of His15 (H15A), Lys246 (K246A) and Arg247 (R247A) for subsequent
over-expression and purification of each protein. The site-directed mutagenesis was introduced via plasmid
mutagenesis. A 25-µL thermocycling reaction containing 25 ng of plasmid DNA template, 50 ng of each
forward and reverse primer (sequences are provided in 3.3), 50 µM dNTPs, and 1.25 unit of Pfu DNA
polymerase in commercial buffer was heated at 95 ◦C for 1 min. The DNA was then amplified for 20 cycles
under the following conditions: 95 ◦C for 1 min, 53 ◦C for 1 min (60 ◦C for H15A), and 68 ◦C for 10
min. The DNA was then digested with 20 units of DpnI for 3 hours at 37 ◦C to eliminate the template DNA
and used for transformation of E. coli DH5α strain. The DNA sequence of the mutant GluRS genes were
confirmed by UIUC core sequencing facility. The mutant GluRS proteins were purified in the same protocol
as the wild-type enzyme.
Fluorescence Measurements of ATP binding constant.
Fluorescence measurements of both wild-type and mutant GluRS were performed at 25 ◦C using a Cary
Eclipse fluorescence spectrophotometer (Varian, Inc.). To measure the intrinsic fluorescence of T. ther-
mophilus GluRS, the protein was excited at 295 nm, and its emission was detected at 340 nm. To measure
the binding constant of ATP, titrations were carried out at 25 ◦C following the protocol by Pugh et al. [Pugh
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et al., 2010]. The reaction buffer contained 60 mM Tris-HCl pH 7.5, 10 mM MgCl2, 1 mM DTT and 1 mM
glutamate. After equilibrating at 25 ◦C for 2 min, the base-line fluorescence was recorded before addition
of 0.25 µM GluRS. Increases in the fluorescence were recorded over 1 min and attributed to the fluores-
cence of GluRS:Glu complex. Upon addition of each aliquot of ATP, the fluorescence signal was allowed
to equilibrate, recorded over 1 min and averaged. To correct the inner filter effect of ATP [Sheoran et al.,
2008], the corrected fluorescence intensity Fcorr was calculated using the observed fluorescence intensity
Fobs with the following equation [Puchalski et al., 1991]:
Fcorr
Fobs
=
2.3dAex
1− 10−dAex × 10
gAem × 2.3sAem
1− 10−sAem , (3.1)
where Aex is the absorbance/cm of the solution at the excitation wavelength, Aem is the absorbance/cm
of the solution at the emission wavelength, and d, g, and s are cuvette dimensions defined in Figure 2 by
Puchalski et al. [Puchalski et al., 1991]. The Kd value was determined by fitting the experimental data to
the following binding equation with 1:1 binding stoichiometry:
[ATP ]bound
[E]total
=
[ATP ]free
Kd + [ATP ]free
. (3.2)
All the analysis were performed using homemade Python scripts.
Table 3.3: Oligonucleotide primer sequences
Name Sequence 5′→ 3′(direction)
H15Af GGC GAC CCC GCC GTG GGC ACG
H15Ar CGT GCC CAC GGC GGG GTC GCC
K246Af ACC AAG ATC TCC GCG CGC AAA AGC CAC
K246Ar GTG GCT TTT GCG CGC GGA GAT CTT GGT
R247Af CAA GAT CTC CAA GGC CAA AAG CCA CAC C
R247Ab GGT GTG GCT TTT GGC CTT GGA GAT CTT G
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Chapter 4
The mechanism of pre-transfer editing in E. coli ∆CP1 LeuRS: a MD
simulation study
4.1 Background
Some forty years after the discovery of the pre-transfer editing pathway [Fersht, 1977a], its detailed chemical
mechanism still remains elusive. Both tRNA-dependent [Bishop et al., 2003; Boniecki et al., 2008; Dulic
et al., 2010] and tRNA-independent [Dulic et al., 2010; Hati et al., 2006] pre-transfer editing activities have
been reported. For the tRNA-dependent pre-transfer editing, three different models of the editing active sites
have been proposed (section 1.5).
The study of tRNA-dependent pre-transfer editing activity is often complicated by the presence of the
more potent post-transfer editing activity. The E. coli ∆CP1 LeuRS provides a unique example for the study
of pre-transfer editing as it avoids misaminoacylation solely by tRNA-dependent pre-transfer editing, and
is completely lacking post-transfer editing activity [Boniecki et al., 2008]. Furthermore, its three dimen-
sional structure can be built from the ternary complex of full-length E. coli LeuRS, tRNALeu and Leu-AMP
analog [Palencia et al., 2012] with minimal modeling. These features make this mutant an attractive model
to study the mechanism of pre-transfer editing by a combination of molecular dynamics simulations and
biochemical assays. Its natural counterpart, the M. mobile LeuRS which lost the CP1 domain in evolution
(Chapter 6), is also an interesting model for biochemical studies, but not ideal for computational studies as
the three dimensional structure of its ternary complex with tRNALeu and adenylate analog is lacking. As
such, the E. coli ∆CP1 LeuRS was chosen to investigate a possible mechanism of pre-transfer editing.
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4.2 Ile-AMP rearranges the aminoacylation site of ∆CP1 LeuRS
The cognate (∆CP1 LeuRS:tRNALeu:Leu-AMP) and the non-cognate (∆CP1 LeuRS:tRNALeu:Ile-AMP)
ternary complexes have been built based on the ternary complex of full-length E. coli LeuRS, tRNALeu and
Leu-AMP analog [Palencia et al., 2012] (for details of the modeling, see Methods section). The cognate
system is stable during a 24 ns MD simulation (Figure 4.1A), while the non-cognate system displayed much
larger fluctuations (Figure 4.1B). A closer examination of the active site showed that while the cognate com-
plex maintained a conformation similar to the crystal structure, the non-cognate complex has dramatically
rearranged its active site (Figure 4.2). In the cognate complex, the oxygen of the 2′ hydroxyl group in A76
is positioned to initiate the aminoacyl transfer reaction by attacking the carbonyl carbon in the adenylate
as a nucleophile (Figure 4.2A). However, the non-cognate complex predominantly remains in an inactive
conformation for aminoacyl transfer reaction, as a rotational movement of A76 separates the oxygen and
carbon by about 5–6 A˚ (Figure 4.3). Interestingly, a bridging water molecule is observed at the position
suitable for hydrolysis (Figure 4.2B). These rearrangements render the non-cognate complex inactive for
the aminoacyl transfer reaction, and we further hypothesize that the bridging water molecule participates in
the pre-transfer editing.
Figure 4.1: RMSD of the cognate and non-cognate ternary complexes. The overall RMSD (blue), RMSD
of protein (red) and RMSD of tRNA (green) are plotted as a function of simulation time for both cognate
(A) and non-cognate (B) ternary complexes.
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Figure 4.2: Rearrangement of aminoacylation site in the non-cognate ternary complexes. The aminoa-
cylation site of both cognate (A) and non-cognate (B) ternary complexes are shown. The adenylates are
shown in green, His533 and A76 in white, and the enzyme in yellow. Hydrogens are omitted for clarity
except for the bridging water in the non-cognate complex. Critical hydrogen bonds are indicated by dashed
lines.
Figure 4.3: The non-cognate complex predominantly remains in an inactive conformation for the
aminoacyl transfer reaction. The distance between the oxygen in 2′-OH group in A76 and the carbonyl
carbon in the adenylate is plotted as a function of simulation time. The distributions of the distances during
the simulations are shown in the histograms.
4.3 Free energy profile of active site rearrangement
To provide a complete and quantitative description of the active site rearrangement in the two ternary com-
plexes, we performed umbrella sampling simulations (section 2.13) to calculate the free energy profile gov-
erning different conformations (Figure 4.4). The reaction coordinate is chosen to be z, the distance between
the oxygen in 2′ hydroxyl group of A76 and carbonyl carbon in the adenylate. A small z value is a pre-
requisite for the aminoacyl transfer reaction, while a large z value prohibits the transfer reaction. For the
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cognate ternary complex, the free energy profile reveals a free energy minimum at 3.2 A˚ and a high free en-
ergy penalty for the inactive conformation (at least 5 kcal/mol); while for the non-cognate complex, the free
energy minimum moves further away to 5–6 A˚ and the free energy increased dramatically for active confor-
mations with a small z (for example, the free energy is 6 kcal/mol at 3.2 A˚). These calculations demonstrate
that aminoacyl transfer reaction is severely prohibited in the non-cognate complex.
Figure 4.4: Free energy profile of the cognate (A) and non-cognate (B) complex. The distance between the
oxygen in 2′ hydroxyl group of A76 and carbonyl is chosen as the reaction coordinate and free energy profile
is reconstructed using umbrella sampling. Bayesian bootstrap [Hub et al., 2010] was used to bootstrap on
the 70 histograms obtained from umbrella sampling simulations (see Methods) for 500 times, yielding 500
bootstrapped potential-of-mean-force (PMF). The mean of the 500 PMF is shown in black and the error bars
represent standard deviations over 500 bootstrapped PMF.
4.4 Remarks
Unlike post-transfer editing that relies on separate domains that were later insertions to the main-body of the
synthetases, pre-transfer editing can occur within the aminoacylation domain itself [Boniecki et al., 2008].
Therefore, pre-transfer editing is considered as an ancient form of proofreading mechanism and unraveling
its mechanism is of great importance to understanding the evolution of translation as well as engineering
aaRSs that incorporate unnatural amino acids. Molecular dynamics simulations and free energy calculations
have been performed here to investigate the mechanism of pre-transfer editing in E. coli ∆CP1 LeuRS. The
non-cognate isoleucyl-adenylate destabilizes the ternary complex and strongly biases the aminoacylation
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site towards an inactive conformation. Furthermore, a water molecule suitable for hydrolyzing the isoleucyl-
adenylate is observed. We hypothesized that the pre-transfer editing in ∆CP1 LeuRS may occur directly in
the aminoacylation site.
To further test the on-site hypothesis model, the reaction rate of pre-transfer editing (kpre) should be
measured and compared with the hydrolysis rate of the adenylate in aqueous solution (kaq). We can rule out
the solvent ejection model (section 1.5) if kpre  kaq. Furthermore, we predict mutations that stabilize the
inactive conformation should also increase the pre-transfer editing rate, and may even cause the hydrolysis
of the cognate leucyl-adenylate.
4.5 Methods
Simulation systems.
The cognate E. coli ∆CP1 LeuRS:tRNALeu:Leu-AMP and the non-cognate ∆CP1 LeuRS:tRNALeu:Ile-
AMP ternary complex were modeled based on the 2.5 A˚ crystal structure of full-length E. coli LeuRS ternary
complex (LeuRS::tRNALeu:Leu-AMS) [Palencia et al., 2012]. To simulate the ∆CP1 construct [Boniecki
et al., 2008], the CP1 domain (residue 226 to 415) was replaced by three alanine residues, whose con-
formation was modeled by Modeler 9v8 [Sali and Blundell, 1993]. The Leu-AMS was changed to Leu-
AMP and Ile-AMP, respectively. The program PROPKA [Bas et al., 2008] was used to perform pKa
calculations to aid the assignment of side-chain protonation states. Both systems were then solvated in
103×141×101 A˚3 water boxes with TIP3P water molecules to ensure the minimum distance between any
atoms in the ternary complex and the side of the box is 12 A˚ using solvate (http://www.mpibpc.
mpg.de/home/grubmueller/downloads/solvate/index.html) and VMD [Humphrey et al.,
1996]. Both systems were neutralized by 20 Mg2+ and 62 K+ ions, which were placed according to the
protocol as described before [Eargle et al., 2008]. The final systems contain ∼1.36×105 atoms.
Unbiased MD simulations.
A total of 54 ns unbiased MD simulations were performed (3.1), using the program NAMD 2.7 [Phillips
et al., 2005] with CHARMM 27 parameter set [MacKerell et al., 1998]. The minimization and thermalization
of the cognate and non-cognate complexes were performed as described in section 2.12. Both the cognate
and non-cognate systems were equilibrated for 3 ns, and followed by a 24 ns production run.
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All unbiased simulations were done with periodic boundary conditions using the NPT ensemble. Langevin
dynamics was used to keep the temperature at 298K with a damping constant of 5 ps−1, and a Langevin
piston [Feller et al., 1995] was applied to maintain the pressure at 1 atm. The bonded, non-bonded, and elec-
trostatic interactions were calculated at time steps of 1, 2, and 4 fs, respectively. For non-bonded interaction,
the switching (cutoff) distance was set at 10 (12) A˚. The Particle Mesh Ewald (PME) method [Darden et al.,
1993] with a grid density of at least 1 A˚−3 was used for computing long-range electrostatic interactions.
Umbrella sampling simulations.
The free energy profile W (z) along the distance z between the carbonyl carbon in the adenylate and the
oxygen of 2′ hydroxyl group in A76 was calculated by umbrella sampling for both cognate and non-
cognate ternary complexes. The potential energy of the system was biased with a harmonic potential,
1
2K(z − zi)2, centered on successive values of zi, where K, the harmonic force constant, is chosen to
be 12.5 kcal mol−1 A˚−2. Seven windows were employed, centered on z = 3, 3.5, · · · , 6.0 A˚. For each
window, the system was first equilibrated for 600 ps, and ten snapshots were taken from the last 500 ps (one
for every 50 ps). Each of the ten snapshots was used as the initial conformation of a 600 ps umbrella sam-
pling simulation, with the last 500 ps used for free energy calculations. The WHAM method (section 2.13)
with Bayesian bootstrapping [Hub et al., 2010] is used to reconstruct the unbiased free energy profile and
calculate its standard deviation.
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Chapter 5
Measure activation energy of the aminoacyl-transfer step in GluRS
5.1 Background
The aminoacylation reaction is catalyzed in two steps by aaRSs: firstly, the amino acid is activated by ATP to
form an aminoacyl-adenylate intermediate; secondly, the aminoacyl moiety is transferred from the adenylate
to the terminal A76 of the tRNA, forming the aminoacyl-tRNA. Despite the great importance of aaRSs,
their reaction mechanisms remain largely unknown. A concerted mechanism of the aminoacyl transfer step
(Figure 5.1A) has been proposed based on crystal structures of the GlnRS:tRNAGln:ATP complex [Perona
et al., 1993]. This mechanism suggests that adenylate itself functions as a general base which abstracts the
proton from 2′ hydroxyl group, and consequently, the transfer of aminoacyl group results a concomitant
protonation of AMP to H-AMP. Previous molecular dynamics simulations on GluRS [Black-Pyrkosz et al.,
2010] showed that the GluRS:Glu-tRNAGlu:H-AMP complex is stable. However, no quantum chemical
calculations or biochemical experiments have been performed to test the other aspects of this model. In
addition, Perona’s model contains no clue about if in the aminoacylation there is a tetrahedral intermediate
involved. The tetrahedral intermediate is a widely-known intermediate resulting from nucleophilic addition
to a carbonyl group, and it is reasonable to assume it should also be present in the aminoacylation reaction.
If a tetrahedral intermediate was involved, does it precede (Figure 5.1B), accompany (Figure 5.1C) or follow
(Figure 5.1D) the proton transfer?
To study reaction mechanism of the aminoacyl transfer step in class-I aaRSs, the glutamyl-tRNA syn-
thetase (GluRS) was chosen as the model system since two high quality crystal structures of Thermus ther-
mophilus GluRS with analogs that better mimic the aminoacyl-adenylate have been reported [Sekine et al.,
2003, 2006]: GluRS:tRNAGlu:glutamol-AMP (PDB entry 1N78, 2.1 A˚) and GluRS:tRNAGlu:Glu-AMS1
1O5′-(L-glutamyl-sulfamoyl)-adenosine
63
Figure 5.1: Proposed reaction mechanisms of class-I aaRSs. The mechanism proposed by Perona et
al. [Perona et al., 1993] is shown in A. No tetrahedral intermediate was involved and the reaction was
completely concerted. Three possible scenarios involving the tetrahedral intermediate are shown in B-D,
in which the tetrahedral intermediate formation precedes (B), accompanies (C) or follows (D) the proton
transfer. The bridging water molecules are omitted for clarity.
(PDB entry 2CV2, 2.7 A˚). These structures have been used to model and simulate the GluRS:tRNAGlu:Glu-
AMP complex with molecular dynamics [Sethi et al., 2009]. The size of the system is also suitable for
QM/MM simulations. In the following section, the activation energy, a key thermodynamic property gov-
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erning the chemical reaction rates, has been measured for T. thermophilus GluRS. It should be valuable to
serve as the benchmark for QM/MM simulations.
5.2 Results
The T. thermophilus GluRS was cloned and purified as described by Sekine et al. [Sekine et al., 2003]. The
T. thermophilus tRNAGluGAG, the isoacceptor used in crystallography studies of GluRS, has been cloned and
transcribed in vitro. Single-turnover experiments have been performed under the saturating conditions to
measure the rates of the aminoacyl transfer step of the wild-type GluRS (Figure 5.2A) under five different
temperatures ranging from 37 ◦C to 61 ◦C (Figure 5.3A-D). The activation energy has been calculated with
Arrenhius equation k = A exp(−Ea/RT ) and the result is a surprisingly low 2.2± 0.2 kcal/mol.
Figure 5.2: Biochemical measurement of GluRS aminoacyl-transfer reaction. A. Single-turnover
kinetics of GluRS aminoacyl-transfer reaction at 61 ◦C. The reaction buffer contains 60 mM
tris(hydroxymethyl)aminomethane (Tris) pH 7.5, 10 mM MgCl2, 1 mM dithiothreitol (DTT), 60 µM [14C]-
Glu, 2.5 mM ATP, 10 µM GluRS and 1µM tRNAGlu. B. Arrenhius fit of the reaction rates measured under
different temperatures. Error bars represent standard deviations from triplicated experiments.
5.3 Remarks
The aminoacylation reaction catalyzed by aaRSs is a key step in protein synthesis. The meticulous engi-
neering of aaRSs’ active sites allows the incorporation of novel amino acids into the genetic code [Wang
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Figure 5.3: Kinetic rates of GluRS aminoacyl-transfer reaction at different temperatures. The kinetics
rates of GluRS aminoacyl-transfer reaction has been measured under single-turnover conditions as described
in Figure 5.2 at 37 ◦C (A), 43 ◦C (B), 49 ◦C (C) and 55 ◦C (D). Error bars represent standard deviations
from triplicated experiments.
et al., 2001]. As such, a deeper understanding of the mechanism of the aminoacylation reaction may pro-
vide more insights for not only the fundamentals of biochemistry, but also developing innovative tools for
incorporating unnatural amino acids. Here, the activation energy of the transfer step was measured by using
state-of-the-art single-turnover kinetics2, and the result is a surprisingly low 2.2 ± 0.2 kcal/mol. This im-
poses a constraint for the chemical mechanism, namely, the highest energy barrier in the proposed reaction
mechanism. It also suggested that after the amino acid activation, the aminoacylation reaction can go really
smoothly. This low activation energy is also consistent with the fact that adenylate is extremely reactive and
2To our knowledge, this is the first measurement of activation energy for any aaRSs.
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labile.
5.4 Methods
Single-turnover kinetics of aminoacyl transfer reaction.
Single turnover experiments were conducted using excess enzyme (10 µM GluRS) to tRNA concentrations
(1µM tRNALeu). The RQF-3 KinTek quenched-flow instrument (KinTek Corp., Austin, TX) with three
syringes (Figure 5.4) was used throughout the experiment. One syringe contains buffer A (60 mM Tris,
pH 7.5, 10 mM MgCl2 and 1 mM DTT), 20 µM GluRS and 120 µM [14C]-Glutamate (100 µCi/mL); while
the second syringe contains buffer A, 2 µM tRNAGlu and 5 mM ATP. About 12.5 µL solution from each
syringe was mixed in the reaction chamber immersed in a water bath that controls the reaction temperature
(Figure 5.4). After a specific time, reactions were quenched with 90 µL 3 M sodium acetate (pH 5.0) with
1% SDS from the third syringe, spotted on TCA-soaked filter pads, washed and quantitated via scintillation
counting as described in section 2.7.
67
Figure 5.4: Scheme of experimental setup for single-turnover assays of GluRS aminoacyl-transfer re-
action. The reagents for the aminoacylation reaction are in two separate syringes with buffer A. One syringe
contains 20 µM GluRS and 120 µM [14C]-Glu; while the other contains 2 µM tRNAGlu and 5 mM ATP.
At the start of the reaction, about 12.5 µL solution from each syringe was rapidly mixed in the reaction
chamber immersed in a water bath that controls the reaction temperature. After a specific time, reactions
were quenched with 90 µL 3 M sodium acetate (pH 5.0) with 1% SDS from the third syringe.
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Chapter 6
Naturally occurring aaRS editing-domain mutations that cause
mistranslation in Mycoplasma parasites
6.1 Background
Mycoplasmas are characterized by their lack of a cell wall and dependence on a vertebrate host [Maniloff,
2002]. Their relationship with the host can be parasitic or they can co-exist as an obligate commensal.
The persistent survival of mycoplasmas within their hosts has been attributed to a phenotypic plasticity that
allows these pathogens to facilely alter their antigenic properties [Rottem, 2003]. Paradoxically, this pheno-
typic plasticity is generated in spite of the Mycoplasma’s extremely small genomes, which have lost many
of the components that typically comprise signaling pathways to adapt to changing environments [Rottem,
2003]. Remarkably, these wall-less bacteria have a highly dynamic surface architecture comprised of mem-
brane proteins that confer antigenic and functional versatility [Rottem, 2003].
As with other pathogenic and non-pathogenic organisms, Mycoplasma sp. contain a complete set of
aaRSs (aminoacyl-tRNA synthetases), which are essential to translate the genetic code into functional pro-
teins [Ibba and So¨ll, 1999]. Each aaRS has evolved for specificity to a single standard amino acid to maintain
the fidelity of the genetic code. The aaRS enzyme family activates and transfers amino acids to their cog-
nate tRNA isoacceptor. Once the tRNA is “charged” with an amino acid, it is shuttled to the ribosome for
incorporation into nascent polypeptides.
About half of the aaRSs are prone to mistakes by activating closely similar amino acids and mischarg-
ing them to tRNA. To minimize the potential for creating statistical proteins that contain mistranslated
The contents of this chapter are based in part on work previously published as Li Li, Michal T. Boniecki, Jacob D. Jaffe,
Brian S. Imai, Peter M. Yau, Zaida A. Luthey-Schulten, and Susan A. Martinis. “Naturally occurring aminoacyl-tRNA synthetases
editing-domain mutations that cause mistranslation in Mycoplasma parasites,” In Proc. Natl. Acad. Sci. USA, 108 (23), 9378–9383.
(2011).
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amino acids, these aaRSs have developed a second “sieve” [Fersht, 1998]; they have adapted to include hy-
drolytic editing domains that are distinct from their canonical aminoacylation core domains. In some cases,
aminoacylation accuracy is also enhanced by independent editing domains that function as tRNA-specific
deacylases [An and Musier-Forsyth, 2004; Ruan and So¨ll, 2005].
We have identified multiple aaRSs with editing domains in Mycoplasma and closely related species
that appeared to be degenerate based on substitutions at key sites in the hydrolytic active site. This was
surprising because functional defects in aaRS editing that decrease the fidelity of tRNA aminoacylation
have been clearly shown to result in amino acid toxicities, cell death, as well as neurological disease in
mammals [Karkhanis et al., 2007; Lee et al., 2006; Nangle et al., 2006]. As such, in order to achieve the
threshold levels of translational fidelity that are required for cell viability, these amino acid editing functions
have been broadly conserved across all three domains of life.
In contrast, we determined that Mycoplasma mobile exhibits aaRS-dependent translational infidelities.
Editing-defective aaRSs mischarge tRNA, which subsequently results in mistranslation in vivo. It is possible
that this aaRS-dependent mechanism could provide a novel pathway to introduce heterogeneity into the cell’s
proteome that could confer phenotypic plasticity in Mycoplasma pathogens.
6.2 Mycoplasma have evolved aaRSs with inactivated editing domains
Using bioinformatic approaches to broadly scrutinize genomes across the three domains of life, we iden-
tified aaRSs with unusual amino acid editing domains. In Mycoplasma sp. and closely related genera, we
discovered aaRSs with deletions and substitutions that we hypothesized would abolish their editing activ-
ities (Fig. 6.1). These Mycoplasma aaRSs have editing domains where the primary structure was mutated
beyond recognition. In addition, hydrolytic active sites within the editing domains had substitutions at key
amino acids. In one case, Mycoplasma mobile, the editing domain was completely deleted from the aaRS.
In six different Mycoplasma species or the closely related Spiroplasma citri and Mesoplasma florum,
threonyl-tRNA synthetase (ThrRS) contained editing domains in which the editing site had amino acid
substitutions at critical residues (Fig. 6.1a). In each of these cases, critical histidine, aspartic acid, and
cysteine residues (Fig. 6.2) within two distant primary structural regions that folded to form the editing
active site were replaced [Beebe et al., 2004, 2003; Dock-Bregeon et al., 2004]. The editing domains of the
editing-defective ThrRSs have a lower average sequence identity (24.4%) compared to the canonical cases
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Figure 6.1: Degenerated editing domains of Mycoplasma aaRS. (A) Phylogenetic tree of mycoplasmas
based on 16S rRNA. Bootstrap values are shown for each node and scale bar denotes substitutions per
site. Predicted editing-defective aaRS are indicated in boxes (Right) (see also Figures 6.2,6.3,6.4). (B)
Alignment of LeuRS CP1 domain with key editing site residues indicated (see also Table 6.2). Shaded
and black boxes represent conserved and homologous residues. (C) Tandem MS analysis of precursor peak
m/z = 796.4 at z = 3 identified a mistranslated peptide in M. mobile. A fragment peak (m/z = 411.2; y3
ion of YPIISLEDGFSEHDWDA(Y)TK; phosphopyruvate hydratase) was confirmed by the balance of the
fragmentation spectrum. (Inset) Predicted y2 and y3 ion positions for the genome-encoded peptide (dot-
ted bars) and observed mistranslated product (solid bars; F→Y). (D) Identification of faithfully translated
peptide YPIISLEDGFSEHDWDA(F)TK for phosphopyruvate hydratase (peak of m/z = 395.2 at the y3 ion
position). Panel C and D are based on Dr. Jake Jaffe’s data.
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(44.6%), while retaining similar levels of conservation for their aminoacylation domains (54.7% versus
56.1%). This suggested that the editing domain in these Mycoplasma species was preferentially prone to
retaining substitutions (Table 6.1).
Table 6.1: Averaged sequence percent identities of editing and aminoacylation domains from distinct
groups of Mycoplasma∗.
aaRS Type Editing domain Aminoacylation domain
LeuRS1 editing-defective 24.0 49.4
canonical 41.3 60.9
ThrRS2 editing-defective 24.4 54.7
canonical 44.6 56.1
PheRS3 editing-defective 19.2 46.8
canonical 31.3 44.1
∗The average sequence percent identities of the aaRSs cited in Figure 6.1 were calculated using the built-in
function of Multiseq with VMD 1.8.6.
1The LeuRS editing domain is defined by residues 225 to 406 in M. genitalium LeuRS. The LeuRS aminoa-
cylation domain is defined by residues 1 to 224 and 407 to 608 in M. genitalium LeuRS.
2The ThrRS editing domain is defined by residues 71 to 238 in P. australiense ThrRS. The ThrRS aminoa-
cylation domain is defined by residues 240 to 538 in P. australiense ThrRS.
3The PheRS editing domain is defined by residues 259 to 359 in the β subunit of A. laidlawii PheRS. The
PheRS aminoacylation domain is defined by residues 108 to 228 in the α subunit of A. laidlawii PheRS.
In some Mycoplasma species, conserved motifs in the editing site of phenylalanyl-tRNA synthetase
(PheRS) [Ling et al., 2007; Roy et al., 2004] have also acquired substitutions at key sites (Fig. 6.3) and
the overall sequence identity for their editing domains (19.2%) is lower than the canonical counterparts
(31.3%), although the two groups share similar identities in the aminoacylation domains (46.8% versus
44.1%; Table 6.1). In at least four organisms, PheRS and ThrRS proteins are both predicted to express
editing domains that are functionally defective (Fig. 6.1a). In another set of Mycoplasma species, the fidelity
domains of either PheRS (Fig. 6.3) or leucyl-tRNA synthetase (LeuRS; Fig. 6.1b and Fig. 6.4) or both have
been degenerated, suggesting that they are editing-deficient. Phylogenetic analysis indicates that in different
Mycoplasma lineages, these mutational events in the three aaRS genes have taken place independently
multiple times (Fig. 6.1a).
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Table 6.2: Functions of key residues for editing in LeuRS, ThrRS and PheRS.
aaRS Residue/Motif Function References
LeuRS Threonine-rich region Forms hydrogen-bond with the
ribose and carbonyl group of
the aminoacyl moiety; prevents
hydrolysis of the cognate Leu-
tRNALeu product.
[Lincecum et al.,
2003; Mursinna
et al., 2004]
Universal aspartate Forms salt bridge with the am-
monium group.
YGxG motif Forms hydrogen bond with the
adenine.
ThrRS1 Asp180 Anchors seryl moiety of the edit-
ing substrate to orient the editing
substrate for catalysis.
[Dock-Bregeon
et al., 2000, 2004]
Cys-His cluster Forms hydrogen bonds with
seryl moiety and ribose.
PheRS2 T354 Anchors the catalytic water
molecule in the editing site.
[Ling et al., 2007;
Roy et al., 2004]
E334 Forms hydrogen bond with ty-
rosyl moiety of the editing sub-
strate.
H261, G318, A356 Forms editing pocket. Mutations
can reduce editing activity by at
least ten-fold.
1Numbering based on E. coli LeuRS.
2Numbering based on T. thermophilus PheRS.
6.3 M. mobile has a statistical proteome
We hypothesized that Mycoplasma with editing-defective aaRSs would be prone to generating statistical
substitutions during protein synthesis. The genome of M. mobile [Jaffe et al., 2004], a fish pathogen, en-
codes a PheRS with substitutions at key sites in the editing pocket. In addition, LeuRS is completely missing
its editing domain that is called CP1 [Cusack et al., 2000; Starzyk et al., 1987]. In order to hunt for statisti-
cal proteins, we bioinformatically re-screened data obtained for the complete proteome of M. mobile [Jaffe
et al., 2004] by instructing the database search program to allow for potential mistranslations corresponding
to suspected editing-defective aaRSs. These M. mobile cells were grown in rich media under conditions that
would not be expected to bias a bacteria to incorporate mutations [Jaffe et al., 2004]. However, analysis
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Figure 6.2: Natural substitutions of key editing residues in Mycoplasma ThrRSs. Sequence alignment of
the editing domain from Mycoplasma sp. and its closely-related genera ThrRSs (A) are shown. Key residues
(Table 6.2) for editing are highlighted in black and indicated by arrows. B. These key residues are mapped to
the crystal structure of E. coli ThrRS (PDB code 1TKY). Interactions between these residues and the post-
transfer editing analog (green) are indicated by dashed lines. The numbering is based on the E. coli ThrRS
sequence. Organism abbreviations are as follows: M. mycoides (Mmy), M. capricolum (Mca), M. florum
(Mfl), S. citri (Sci), M. pneumoniae (Mpn), M. genitalium (Mge), M. gallisepticum (Mga), M. penetrans
(Mpe), U. parvum (Upa), M. synoviae (Msy), M. agalactiae (Mag), M. pulmonis (Mpu), M. mobile (Mmo),
M. arthritidis (Mar), M. hyopneumoniae (Mhy), A. laidlawii (Ala), P. australiense (Pau), C. acetobutylicum
(Cac), B. subtilis (Bst), S. aureus (Sau), E. coli (Eco) and T. thermophilus (Tth).
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Figure 6.3: Natural substitutions of key editing residues in Mycoplasma PheRSs. Sequence alignment of
the PheRS editing domain from Mycoplasma sp. and its closely-related genera PheRSs (A, B) are shown.
Key residues for editing (Table 6.2) are highlighted in black and indicated by arrows. C. These key residues
are mapped to the crystal structure of T. thermophilus PheRS (PDB code 2AMC). Interactions between
these residues and the tyrosine (green) are indicated by dashed lines. The numbering is based on the T.
thermophilus PheRS sequence. Organism abbreviations are defined in Fig. 6.2.
of the proteome identified examples of statistical mutations including an F322Y substitution in phospho-
pyruvate hydratase (Fig. 6.1c) that would be indicative of an editing-defective PheRS, which generates
mischarged Tyr-tRNAPhe [Ling et al., 2007]. In parallel, a faithfully translated peptide from phosphopyru-
vate hydratase was also detected that did not contain the F322Y mutation via mass spectrometry analysis of
the peptide pool (Fig. 6.1d), which supported the statistical nature of these mistakes.
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Figure 6.4: Natural substitutions of key editing residues in Mycoplasma LeuRSs. A. Sequence alignment
of the CP1 editing domain from bacterial LeuRSs as well as Mycoplasma sp. LeuRSs with predicted editing
deficiency. Key residues for editing (Table 6.2) are highlighted in blue (threonine-rich region), red (YGxG
adenine-binding motif) and green (universally conserved aspartic acid). B. These key residues are mapped
to the crystal structure of T. thermophilus LeuRS (PDB 1OBC). Interactions between these residues and
the post-transfer editing analog (green) are indicated by dashed lines. The numbering is based on T. ther-
mophilus LeuRS sequence. Organism abbreviations are as follows: M. mobile (Mmo), M. synoviae (Msy),
M. agalactiae (Mag), M. genitalium (Mge), E. coli (Eco), H. pylori (Hpy), B. subtilis (Bst), M. tuberculosis
(Mtu), S. aureus (Sau), L. lactis (Lla), P. marinus (Pma), P. aeruginosa (Pae), T. thermotoga (Tma) and T.
thermophilus (Tth).
LeuRS fidelity is challenged by a broader scope of amino acids [Karkhanis et al., 2007]. Notably, the
predominant expected replacement for leucine would be isoleucine [Karkhanis et al., 2007], but this change
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would not be detected by mass spectrometry since these isomers have identical molecular weights. However,
examples where valine, which is only weakly misactivated by LeuRS [Karkhanis et al., 2007] (Table 6.3),
was substituted for leucine in phosphopentomutase (L318V; Fig. 6.5a) and phosphotransacetylase (L14V;
Fig. 6.5b) provided additional evidence for statistical substitutions in the M. mobile proteome.
We also tested for M. mobile LeuRS-dependent mistranslations in E. coli. Previously, we showed
that LeuRS misactivates valine, isoleucine and methionine. Since isoleucine cannot be distinguished from
leucine via mass spectrometry, we focused on valine and methionine substitutions. To increase sensitivity,
we induced expression of M. mobile LeuRS in E. coli BL21 cells in the presence of increasing valine or
methionine concentrations of up to 10 mM. Tandem mass spectrometry of purified M. mobile LeuRS that
was trypsin-digested identified statistical substitutions for multiple sets of peptides, where valine or methio-
nine was substituted for leucine (Fig. 6.5) as well as correlating examples where these specific sites had
been faithfully translated (Fig. 6.6). In comparison, there was no mistranslation detected in BL21 cells that
expressed E. coli LeuRS under the same condition, even at high concentrations of non-cognate amino acids.
In addition, E. coli BL21 cells that expressed M. mobile LeuRS had a lengthy lag phase that slowed cell
growth (Fig. 6.7).
6.4 Statistical proteome substitutions correlate to aaRS amino acid editing defect
Preparation of pure (αβ)2 PheRS and dimeric ThrRS for in vitro analysis could be complicated by hetero-
geneity of their respective quaternary structures. Thus, we focused on the monomeric M. mobile LeuRS for
enzymatic characterization of its putative editing defect to understand the molecular mechanism underlying
error-prone translation in M. mobile. The gene was synthesized in order to convert TGA triplets (which
are used to encode tryptophan in M. mobile) to TGG and also to optimize codon usage frequencies for
expression in E. coli. The monomeric LeuRS was purified by affinity chromatography via an N-terminal
six-histidine tag and the enzyme robustly aminoacylated in vitro transcribed M. mobile tRNALeu (Fig. 6.8)
as well as E. coli tRNALeu (Fig. 6.10A). Based on the kcat/KM for amino acid activation by M. mobile
LeuRS (Table 6.3), the discrimination factors for non-cognate amino acids versus leucine were well below
the accepted threshold of 3,000 [Loftfield, 1963]. It also suggests that M. mobile LeuRS is even more prone
to isoleucine misactivation than a typical LeuRS (Table 6.4).
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Figure 6.5: Tandem MS analysis of single peptides from M. mobile and E. coli that express M. mo-
bile LeuRS demonstrate mistranslation of leucine codons. A L→V substitution of M. mobile pep-
tides LTKLINS(L/V)K from phosphopentomutase (A) and IKTSVKN(L/V)AK from phosphotransacety-
lase (B) respectively generated peaks of m/z = 869.2 [confirmatory b8 ion of LTKLINS(V)K; precur-
sor peak m/z = 508.5 at z = 2] and m/z = 870.2 [confirmatory b8 ion of IKTSVKN(V)AK; precursor
peak m/z = 544.3 at z = 2]. (C) An L→V substitution of M. mobile LeuRS peptide LINQGMI(L)GK
generated a peak of m/z = 303.2 corresponding to the confirmatory y3 ion of LINQGMI(V)GK. An
L→M substitution of M. mobile LeuRS peptides HLENKIIKKEIYIAKKI(L)NFII (D) and SKDKFYA(L)D
MFPYPSGSGLHVGHPEGYTATDIISR (E) respectively generated peaks of m/z = 1105.7 [confirmatory
b++18 ion of HLENKIIKKEIY IAKKI(M
ox)NFII] and m/z = 953.5 [confirmatory b8 ion of SKDKFYA
(Mox)DMFPYPSGSGLHVGHPEGYTATDIISR]. Methionine was typically oxidized to methionine sulfox-
ide (see also Fig. 6.6). The deaminated fragment is denoted by ∗. Panel A and B are based on Dr. Jake
Jaffe’s data; while panel C to E are based on the mass spectrometry analysis performed by Dr. Peter Yau and
Dr. Brian Imai.
As would be expected, M. mobile LeuRS failed to deacylate mischarged Ile-tRNALeu, Met-tRNALeu
and Val-tRNALeu (Fig. 6.9), since it does not have a CP1 editing domain. These non-cognate amino acids
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Figure 6.6: Tandem mass spectrometry analysis identified correctly translated peptides from E. coli
when expressing M. mobile LeuRS. We isolated single peptides of trypsin-digested M. mobile LeuRS
that had been expressed in E. coli grown LB media in the presence of 10 mM methionine/valine. The
faithfully-translated counterparts of the three mis-translated peptides in Figure 6.5 are shown here. (A) A
faithfully translated leucine residue in LINQGMI(L)GK generated a peak of m/z = 317.2 corresponding to
the confirmatory y3 ion. In contrast, the y3 ion in Fig. 6.5C has an m/z value of 303.2. (B) A faithfully
translated leucine residue in peptide HLENKIIKKEIYIAKKI(L)NFII generated a peak of m/z = 2176.4
corresponding to the confirmatory b18 ion. For comparison, the b++18 ion in Fig. 6.5D has an m/z value of
1105.7. (C) Ion peaks of a peptide SKDKFYA(L)DMFPYPSGSGLHVGHPEGYTATDIISR with a correctly
translated leucine residue. Although no confirmatory ion peak of the leucine was available, the high ion
score (142) strongly suggested that leucine is faithfully translated. The mistranslated peptide is shown in
Fig. 6.5E. This figure is based on mass spectrometry analysis performed by Dr. Peter Yau and Dr. Brian
Imai.
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Figure 6.7: Growth curve of E. coli expressing M. mobile LeuRS or E. coli LeuRS. The plasmid express-
ing M. mobile LeuRS (blue) or E. coli LeuRS (red) were used to transform E. coli BL21 strain. For each
enzyme, a single transformant was grown in 3 mL cultures at 37 ◦C for overnight in LB-ampicillin media.
Cell cultures (0.5 mL) were then transferred to 100 mL LB-ampicillin media and induced by IPTG to allow
the expression of the enzymes. Cells were grown at 37 ◦C with constant shaking at 200 revolutions/min
for a period of 13 hours. Absorbance was measured at specific time points at 600 nm. Error bars represent
standard deviations from triplicated experiments.
Table 6.3: Apparent kinetic parameters for amino acid activation by M. mobile LeuRS.
Amino acid KM (mM) kcat (s−1) kcat/KM (mM−1s−1) Discrimination factor
Leu 0.072±0.025 11.7±4.2 1.6× 102 1
Ile 6.0±1.7 4.8±1.3 0.80 1/200
Val 28.9±5.9 7.1±1.1 0.25 1/640
Leu 13.3±2.7 3.7±0.9 0.28 1/575
can be charged to M. mobile tRNA (Fig. 6.9). Consistent with the introduction of leucine to methionine or
valine statistical substitutions in the E. coli proteome (Fig. 6.5), M. mobile LeuRS also mischarged E. coli
tRNALeu with methionine or valine (Fig. 6.10).
The propensity of M. mobile LeuRS to produce stably mischarged tRNALeu contrasts sharply with other
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Table 6.4: Apparent kinetic parameters for amino acid activation LeuRS.
KM (mM) kcat (s−1) kcat/KM (mM−1s−1)
Enzyme Leu Ile Leu Ile Leu Ile
Ec LeuRS† 0.018±0.025 1.0±0.3 71±25 4.7±1.3 3.9× 103 4.7
Ec LeuRS ∆CP1† 0.021±0.006 3.4±0.9 0.23±0.07 0.23±0.07 11 0.65
Mm LeuRS 0.072±0.025 6.0±1.7 11.7±4.2 4.8±1.3 1.6× 102 0.80
†Values measured previously [Boniecki et al., 2008]
Figure 6.8: Recombinant M.mobile LeuRS aminoacylates transcribed M.mobile tRNALeu. The charging
assay includes 21 µM [14C]-leucine (318 µCi/mL), 100 nM M. mobile LeuRS, 4 mM ATP and 4 µM
transcribed M. mobile tRNALeu. Error bars represent standard deviations from triplicated reactions.
examples of LeuRSs that were determined to rely on additional mechanisms to ensure fidelity. E. coli
or yeast mitochondrial LeuRS maintained fidelity in the absence of their CP1 modules by activating an
alternate pre-transfer editing pathway [Boniecki et al., 2008]. Also, M. mobile LeuRS has not evolved the
higher threshold of amino acid discrimination that has been measured for human mitochondrial LeuRS,
which lacks editing activity [Lue and Kelley, 2005].
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Figure 6.9: Wild-type M. mobile LeuRS mischarges tRNALeu. Deacylation reactions contained approxi-
mately 20 µM [3H]-Val-tRNALeu (A), approximately 6.5 µM [3H]-Ile-tRNALeu (B) or 10 µM [35S]-Met-
tRNALeu (C) and 100 nM M. mobile, E. coli wild-type or mutant LeuRS. Mischarging assays incorporated
160 µM [14C]-valine (50 µCi/mL; D), 21 µM [3H]-isoleucine (166 µCi/mL; E) or 20 µM [35S]-methionine
(20 µCi/mL; F) and 1 µM M. mobile or E. coli LeuRS. Editing-defective E. coli LeuRS (Ec-Ed) mutant is
a positive control. (G) Acid gel of tRNALeu charged with [35S]-methionine. Abbreviations: (), Ec-WT;
(H), Mm; (N), Ec-Ed; and (), no enzyme control (No E). Error bars represent standard deviations from
triplicated reactions. This figure is adapted from the original publication [Li et al., 2011].
6.5 Remarks
In all three domains of life, LeuRS contains the CP1 editing domain as does isoleucyl (IleRS)- and valyl
(ValRS)-tRNA synthetases [Lin et al., 1996]. These homologous proteins have differentiated to accommo-
date different amino acid specificities for both aminoacylation and editing. They also can rely selectively or
combinatorially on pre- and post-transfer editing mechanisms to respectively target the aminoacyl-adenylate
intermediate or mischarged tRNA product to clear misactivated amino acids [Dulic et al., 2010; Martinis
and Boniecki, 2010; Schimmel and Schmidt, 1995]. To our knowledge, M. mobile LeuRS is the only known
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Figure 6.10: Aminoacylation activities of M. mobile LeuRS with E. coli crude tRNA. In all assays,
8 mg/mL E. coli crude tRNA were used. A. Leucylation assay included 21 µM [3H]-leucine (166 µCi/mL),
100 nM M. mobile or E. coli LeuRS. Mischarging assays incorporated 21 µM [3H]-isoleucine (166 µCi/mL;
B), 40 µM [14C]-valine (50 µCi/mL; C) or 20 µM [35S]-methionine (20 µCi/mL; D) and 1 µM M. mobile
or E. coli LeuRS. Abbreviations: Mm, M. mobile LeuRS; Ec, E. coli LeuRS. Error bars represent standard
deviations from triplicated reactions. This figure is adapted from the original publication [Li et al., 2011].
example for LeuRS, IleRS, or ValRS that is completely missing its CP1 editing module (Figure 6.1B). Pre-
viously, we had shown that the fidelity of E. coli and yeast mitochondrial LeuRS were protected in the
absence of its CP1 module (LeuRS-∆CP1) by a latent pre-transfer editing activity that cleared misactivated
aminoacyl-adenylate intermediate [Boniecki et al., 2008]. In this case, M. mobile LeuRS with its naturally
missing CP1 editing module failed to recapture an alternate editing mechanism to post-transfer editing that
was sufficient to completely protect the proteome.
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Statistical proteins have been proposed to provide an advantage in primitive cells during the evolution
of the modern protein synthesis machinery [Woese, 1965, 2002]. They have also been suggested to increase
fitness in contemporary bacteria by providing a protein reservoir that is phenotypically diverse [Meyerovich
et al., 2010]. In a transcription-dependent error prone experimental model for Bacillus subtilis, proteome
diversity caused by frame-shift or nonsense mutations enabled the organism to adapt to fluctuations in the
environment, such as changes in temperature [Meyerovich et al., 2010]. In yeast, CUG codon ambiguity
originating in Candida albacans was experimentally introduced to confer an adaptive advantage under stress
conditions via induction of a novel set of stress proteins [Santos et al., 1999]. Under specific stress conditions
in mammalian systems, codon ambiguity increases significantly via activation of MetRS misacylation of
non-cognate tRNA isoacceptors [Netzer et al., 2009]. An artificial mutation in the ValRS editing domain
also allowed E. coli to adapt for subsistence on the non-standard amino acid α-aminobutyrate, rather than
valine [Do¨ring et al., 2001].
We have identified natural examples in Mycoplasma species and related species in which the gene en-
coding aaRSs contains alterations that disrupt the amino acid editing function. The shedding of the editing
domain of LeuRS in M. mobile was likely facilitated by existing mechanisms in Mycoplasma that have re-
sulted in the dramatic evolutionary reduction of its genomes. Accordingly, the erosion of aaRS-dependent
translational fidelity may be a stepwise response based on the LeuRS CP1 domain’s massive sequence de-
generation in M. agalactiae and M. synoviae, and then complete elimination of the entire module in M.
mobile (Fig. 6.11).
Editing-defective aaRSs in M. mobile introduce errors at the translational level of protein synthesis. Be-
cause of the strong selection pressure throughout the three domains of life to maintain translational fidelity,
we hypothesize that the loss of aaRS editing in Mycoplasma is likely due to idiosyncratic demands on the
organism, which benefit by the introduction of statistical proteomes [Reynolds et al., 2010]. It is possible
that this mechanism to introduce statistical proteins could confer antigenic diversity and phenotypic plas-
ticity [Rottem, 2003]. This novel aaRS-dependent mechanism at the translational level would be akin to
the replication-dependent high rates of retroviral mutations that confer virus population heterogeneity and
resistance [Preston and Dougherty, 1996] to escape host defense mechanisms.
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Figure 6.11: Proposed evolutionary scheme for LeuRS CP1 editing module degeneration in My-
coplasma. M. synoviae and M. agalactiae LeuRS were acquired from Proteobacteria via horizontal gene
transfer (Fig. 6.12). Primary structure degeneration of the CP1 domain resulted in M. agalactiae and M.
synoviae LeuRS CP1a and CP1s (Left). Genome reduction in M. mobile sp. completely eliminated the CP1
editing module in LeuRS (∆CP1; Right).
Figure 6.12: Evolutionary history of M. synoviae and M. agalactiae LeuRSs. The phylogenetic tree was
constructed using the maximum likelihood method with RAxML [Stamatakis, 2006] based on the full-length
LeuRS sequences with the exception of the CP1 editing domain, which was deleted from the sequence
alignment. The CP1 editing domain was defined as the residues between the conserved N-terminal WIG
motif beginning at position 223 (in E. coli LeuRS) and extending to the C-terminal RDW motif, which
ended at position 420 (in E. coli LeuRS). Bootstrap values are shown for each node, and the scale bar
denotes substitutions per site. The two other putative editing-defective LeuRSs in Mycoplasma, M. synoviae
and M. agalactiae LeuRSs, are highlighted in red. The phylogenetic tree strongly suggests that these two
Mycoplasma sp. acquired their current LeuRS genes from Proteobacteria via horizontal gene transfer.
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6.6 Methods
Bioinformatic analysis and M. mobile proteome mass spectral data.
Sequences were retrieved from the Swiss-Prot database (http://ca.expasy.org/), aligned and edited
in MultiSeq/VMD [Roberts et al., 2006] using CLUSTALW [Thompson et al., 1994] and shaded by Bi-
ology Workbench (http://workbench.sdsc.edu). The phylogenetic tree of Mycoplasma and re-
lated species was constructed by a maximum-likelihood method based on 16S rRNA sequences using
RAxML [Stamatakis, 2006]. The GTR model was used for nucleotide substitution and the Γ model for
rate heterogeneity. The support values for the bipartitions were estimated from 1,000 non-parametric boot-
strap runs.
Previous mass spectral data [Jaffe et al., 2004] were analyzed via SpectrumMill (Agilent) using the de-
fault parameters for ThermoFinnigan LCQ ion trap data. The homology mode substitutions F→Y and L→V
were defined. The data were searched against all annotated trypsin-digested ORFs as described [Jaffe et al.,
2004]. Individual peptides with SpectrumMill scores> 13 and SPI%> 80% were further considered. These
peptide spectra were searched against the M. mobile sequence database in “no enzyme” mode1 as a test of
specificity. Concordant results were verified by manual inspection.
Cloning and in vitro transcription of the M. mobile tRNALeu gene.
The gene for M. mobile tRNALeuUAA, the most abundant M. mobile tRNA
Leu isoacceptor, was cloned into
pUC18 using BamHI and HindIII restriction sites to yield pUC18LiMmtRNALeu. The plasmid (450 µg)
was digested overnight with 25 U of SacII and then used as template for in vitro run-off transcription [Samp-
son and Uhlenbeck, 1988; Zhai and Martinis, 2005]. The SacII digestion cleaves the tRNA template af-
ter the penultimate nucleotide at the 3′ end to generate tRNALeu without the terminal A76 (tRNALeu∆A76).
The tRNALeu∆A76 transcript was purified by PAGE and the terminal A76 was added as described previ-
ously [Boniecki et al., 2008].
Preparation and characterization of M. mobile LeuRS.
The M. mobile LeuRS gene was amplified via PCR (30 cycles) from 50 ng M. mobile genomic DNA. The
DNA sequence confirmed the originally reported DNA sequence [Jaffe et al., 2004]. The gene sequence was
1In “no enzyme” mode, the matched peptides have no constraint on their termini.
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then optimized (Geneart, Burlingame, CA) for expression in E. coli, particularly with TGA codons changed
to TGG, and synthesized with flanking NdeI and BamHI sites to subclone the DNA fragment into pET14b
plasmid. The resulting p14LiMmoLeuRS plasmid was used to transform E. coli BL21 (DE3) strain and
LeuRS was expressed and purified [Karkhanis et al., 2006]. Enzyme assays were carried out in vitro as
described previously in detail [Karkhanis et al., 2006].
Mass spectrometry analysis of mis-translation in E. coli expressing M. mobile LeuRS.
E. coli BL21 (DE3) transformed with p14LiMmoLeuRS was grown in LB containing excess methion-
ine or valine (0 mM, 1 mM, 5 mM and 10 mM). The expressed protein was purified via its six-histidine
tag [Karkhanis et al., 2006] and then with Perfect-Focus (G-Biosciences, St. Louis, MO). The LeuRS was
digested with mass spectrometry grade trypsin (G-Biosciences) at 1:50 w/w in 25 mM ammonium bicarbon-
ate. Digestion was performed using a CEM Discover Microwave Digester for 15 min at 75 W and 55 ◦C.
The digested peptides were lyophilized to dryness and reconstituted in 5% acetonitrile with 0.1% formic
acid at 200 µg/mL. A 10 µL aliquot was used for LC/MS analysis.
LC/MS spectrometry was performed using a Waters Q-ToF connected to a nanoAcquity UPLC and
an Atlantis dC18 nanoAcquity UPLC column (75 µm×150 mm; 3 µm particle size) with a flow rate of
250 nL/min. The 60 minute gradient was from 100% A to 60% B (A = water + 0.1% formic acid; B =
acetonitrile + 0.1% formic acid). Data collection was performed with MassLynx 4.1 using Data Directed
Analysis. The top four intensive precursor ions from each survey scan were subjected to MS/MS by CID
(collision induced dissociation). The raw mass spectrometric data were processed using ProteinLynx Global
Server 2.2.5 (Waters) for data filtering, smoothing, and de-isotoping. The refined peak lists were analyzed
with Mascot 2.2 (Matrix Science, London, UK) using a tolerance of ±0.4 Da for both the precursor ions
and fragment ions. The searches were conducted against the NCBI non-redundant protein database. Spe-
cific modifications such as L→V or L→M (or its oxidized state) substitutions were analyzed as variable
modifications in conjunction with the error-tolerant mode in Mascot.
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Chapter 7
tRNA-dependent pre-transfer editing in leucyl-tRNA synthetases from
Mycoplasma pathogens
7.1 Background
The aminoacyl-tRNA synthetases (aaRSs) catalyze the first step of protein synthesis, which covalently
attaches amino acid to its cognate tRNA to set the genetic code [Ibba and So¨ll, 2000]. Faithful translation in
modern cells imposes a great chemical challenge for aaRSs as they select cognate substrate amino acids from
a pool of structurally similar amino acids [Ibba and So¨ll, 1999]. As such, about half of the twenty aaRSs
have developed editing mechanisms to clear mischarged tRNA products before the non-cognate amino acids
can be incorporated into newly synthesized proteins at the ribosome.
A robust editing activity to achieve chemical fidelity during translation has been commonly thought to
be essential to the cell [Bacher et al., 2005]. Indeed, fidelity has been shown to be critical for viability of
microbes and mammalian cells [Karkhanis et al., 2006, 2007; Nangle et al., 2006] as well as the preven-
tion of neurological diseases [Lee et al., 2006]. However, in pathogenic organisms that are dependent on
their hosts, we have identified aaRS-dependent mechanisms that foster translational infidelity resulting in
statistical proteomes. We hypothesize that some organisms have adapted to promote or tolerate threshold
levels of statistical mistranslations. In these cases, multiple aaRS mechanisms that influence fidelity of the
aminoacylation reaction can be impacted through the evolution process.
All aaRS aminoacylation reactions (equation 7.1, equation 7.2) proceed in two steps with aminoacyl-
The contents of this chapter are based in part on a manuscript in preparation by Li Li, Zaida Luthey-Schulten, Susan A. Martinis
and Michał Boniecki. “CP1 domains controls chemical fidelity by functioning as a rheostat for tRNA-dependent pre-transfer editing
in leucyl-tRNA synthetases from Mycoplasma pathogens”
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adenylate as the intermediate:
ATP + amino acid(aa) GA aa-AMP + PPi (7.1)
aa-AMP + tRNAaa GA aa-tRNAaa + AMP (7.2)
Editing reactions have evolved to clear mistakes at both steps of the aaRS catalyzed reaction [Baldwin and
Berg, 1966; Martinis and Boniecki, 2010]. In post-transfer editing pathway (equation 7.3), the mischarged
tRNA is hydrolyzed in an aaRS domain that is distinct from the synthetic aminoacylation domain [Betha
et al., 2007; Dock-Bregeon et al., 2000, 2004; Hussain et al., 2010; Lin et al., 1996; Ling et al., 2007; Nureki
et al., 1998; Roy et al., 2004]. In addition, editing of mischarged tRNA can occur in trans by independent
proteins that function as tRNA-specific deacylases [An and Musier-Forsyth, 2004; Ruan and So¨ll, 2005].
aax-tRNAaa GA aax + tRNAaa (7.3)
The origin of pre-transfer editing (equation 7.4) that hydrolyzes the adenylate intermediate has been much
more controversial.
aax-AMP GA aax + AMP (7.4)
Involvement of editing domain in this reaction has been proposed in addition of its contribution to the
post-transfer editing pathway. Also ejection of the adenylate from the enzyme‘s active site into the aqueous
environment for clearance was suggested [Bishop et al., 2003, 2002; Boniecki et al., 2008; Dulic et al., 2010;
Gruic´-Sovulj et al., 2005; Hati et al., 2006; Lincecum et al., 2003]. Both tRNA-dependent [Bishop et al.,
2003; Boniecki et al., 2008; Dulic et al., 2010] and tRNA-independent [Dulic et al., 2010; Hati et al., 2006]
pre-transfer editing activities have also been reported. It is possible that these diverse fidelity mechanisms
could be used selectively or combinatorially by different aaRSs to clear non-cognate products [Martinis and
Boniecki, 2010].
In leucyl- (LeuRS), isoleucyl- (IleRS) and valyl-tRNA synthetases (ValRS), the hydrolytic active sites
of the post-transfer editing have been mapped to their homologous CP1 domains [Lin et al., 1996; Lincecum
et al., 2003]. The CP1 domain is inserted into the Rossmann fold that comprises the synthetic aminoacy-
lation site via two β-strands [Cusack et al., 2000]. In LeuRS from the M. mobile pathogen, this otherwise
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universally conserved CP1 domain is completely missing [Li et al., 2011]. Hence, M. mobile LeuRS pro-
duces tRNA mischarged with non-cognate amino acid, resulting in a statistical proteome [Li et al., 2011].
The related LeuRSs from M. synoviae and M. agalactiae, which are poultry and sheep pathogens, respec-
tively, have CP1 domains that are highly degenerated and appear to completely lack a hydrolytic active site.
Herein, I showed that both M. mobile and M. synoviae LeuRSs have pre-transfer editing activity, which,
however, is not strong enough to maintain the fidelity. This is in contrast to the E. coli and S. cerevisiae mi-
tochondria LeuRSs, which can activate a latent tRNA-dependent pre-transfer editing activity to suppresses
tRNA mischarging [Boniecki et al., 2008] if their CP1 editing domains are deleted.
7.2 M. synoviae LeuRS naturally produces mischarged tRNALeu
The hydrolytic CP1 editing domains are ubiquitously conserved in LeuRS, IleRS and ValRS across all
three domains of life [Woese et al., 2000]. Previously, we identified three unique cases in Mycoplasma
LeuRSs that had altered or missing CP1 domains [Li et al., 2011]. The M. mobile CP1 domain is completely
absent, resulting in statistical substitutions in the proteome. M. synoviae and M. agalactiae contained highly
degenerated CP1 domains that we hypothesized also lacked post-transfer editing.
The M. synoviae LeuRS gene was synthesized to optimize codon usage frequencies for expression in E.
coli and also to convert TGA triplets (which are used to encode tryptophan in M. synoviae) to TGG. The
monomeric LeuRS was purified by affinity chromatography via an N-terminal six-histidine tag. The enzyme
robustly aminoacylated in vitro transcribed M. mobile tRNALeu (Figure 7.1A). As we expected, M. synoviae
LeuRS displayed a significant mischarging activity (Figure 7.1B), similar to the M. mobile LeuRS which is
missing its CP1 domain. Likewise, the degenerated CP1 domain failed to deacylate mischarged Ile-tRNALeu
(Figure 7.1C). We hypothesized that M. synoviae LeuRS represents an intermediate evolutionary step on a
path to the elimination of the CP1 domain as found in M. mobile LeuRS.
7.3 Mycoplasma LeuRSs maintain weak pre-transfer editing activities
E. coli LeuRS harbors a tRNA-dependent pre-transfer editing activity that is unmasked when its CP1 domain
is deleted [Boniecki et al., 2008]. We also found that we could activate pre-transfer editing in E. coli LeuRS
by incorporating an unchargeable 2′-deoxyadenosine tRNALeu (2′dA-tRNA). Thus, we hypothesized that
the pathway to amino acid editing can shift between pre- and post-transfer editing mechanisms that are
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inherent to the enzyme [Martinis and Boniecki, 2010]. Even though M. mobile has statistical substitutions
at leucine codons, we sought to determine whether a pre-transfer editing pathway was activated in this
naturally occurring protein where the CP1 domain is eliminated. We have also tested pre-transfer editing in
M. synoviae LeuRS where the CP1 domain is present, but highly degenerated and yields mischarged tRNAs.
I incorporated unchargeable tRNA analogs that contained a 2′-deoxyadenosine (2′dA-tRNA) at the 3′
amino acid acceptor stem end into amino acid-dependent ATP hydrolysis assays. Since 2′dA-tRNA is
missing the functional 2′ hydroxyl group, which is necessary for aminoacylation to occur, AMP formation
in these reactions would reflect cycles of amino acid activation and hydrolysis that are representative of
pre-transfer editing [Francklyn et al., 2008; Splan et al., 2008].
The 2′dA-tRNA clearly stimulated AMP production by M. mobile LeuRS (Figure 7.2A) and M. syn-
oviae LeuRS (Figure 7.3A) in the presence of isoleucine, but not the cognate leucine substrate (Figure 7.2B
and Figure 7.3B). I also determined that this pre-transfer editing activity cleared isoleucyl-adenylate when
2′dA-tRNA was added (Figure 7.2C and Fig 7.3C). In comparison, leucyl-adenylate was stable when the
Mycoplasma LeuRS and 2′dA-tRNA were present (Figure 7.2D and Figure 7.3D). Thus, the synthetic core
of Mycoplasma LeuRS harbors a bona fide tRNA-dependent pre-transfer editing activity. We hypothesized
that Mycoplasma depends on this pre-transfer editing activity to maintain a threshold level of fidelity that is
required by this pathogen, albeit it is not sufficient to fully suppress mischarging and protect the proteome
from statistical substitutions.
7.4 Remarks
Establishment of the genetic code requires a faithful translation of codon to the cognate amino acid [Zaher
and Green, 2009]. In modern cells, this is achieved by intricate mechanisms that ensure accurate decod-
ing and faithful charging of tRNA. However, increasing evidence suggests that the primitive translation
machinery was RNA-based and inaccurate [Lee et al., 2000; Nissen et al., 2000]. AARSs were one of
the first proteinaceous enzymes that had replaced their RNA counterparts and sculptured modern genetic
code. Sequence- and structure-based phylogenetic analysis suggested that aaRSs were originated from their
canonical aminoacylation core and gained fidelity and diversity by modular expansion [O’Donoghue and
Luthey-Schulten, 2003; Ribas de Pouplana and Schimmel, 2001; Schimmel and Ribas De Pouplana, 2000;
Woese et al., 2000]. A quintessential molecular fossil of the expansion is the homologous CP1 domain
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insertion that is ubiquitous in LeuRS, IleRS and ValRS. The CP1 domain confers the fidelity for these three
aaRSs by deacylating mischarged tRNA in post-transfer editing pathway [Lin et al., 1996; Nureki et al.,
1998].
In addition to post-transfer editing, some aaRSs also utilize an alternative pre-transfer editing mechanism
to maintain fidelity. In E. coli and yeast mitochondria LeuRS, the removal of CP1 domain unmasked this
latent editing mechanism and suppressed mischarging [Boniecki et al., 2008]. Here, we demonstrated that
two Mycoplasma LeuRSs also harbor pre-transfer editing activity. In these two natural examples, however,
the pre-transfer editing activity is not sufficient to protect mischarging and result in a statistical proteome,
which might be strategically capitalized by the Mycoplasma pathogens to evade host’s immune system [Li
et al., 2011]. Furthermore, this inherent pre-transfer editing activity in the canonical core also supports
the idea that a primitive LeuRS, before the CP1 domain insertion, likely contained a rudimentary fidelity
mechanism which was sufficient to provide a level of fidelity as well as enough charged tRNALeu for an
ancient organism to prosper.
7.5 Methods
Cloning and purification of M. synoviae LeuRS.
The M. synoviae LeuRS gene was synthesized and cloned into pET15 plasmid with TGA codons changed
into TGG (Geneart). The protein was expressed in E. coli BL21 (DE3) strain and isolated by using Affin-
ity Gel His-Select Nickel resin (Sigma) following a HiTrap 16/60 size-exclusion Superdex 75 purification
column (GE Healthcare).
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Figure 7.1: M. synoviae LeuRS mischarges tRNALeu. (A) Leucylation assay by M. synoviae LeuRS
was carried out by using 21 µM [14C]-leucine (318 µCi/mL), 4 µM tRNALeu and 100 nM enzyme. (B)
Isoleucine mischarging assay by M. synoviae LeuRS incorporated 40 µM [3H]-isoleucine (166 µCi/mL),
4 µM tRNALeu and 1 µM enzyme. M. mobile LeuRS was used as a positive control. (C) Deacylation reac-
tions for M. synoviae LeuRS contained≈6.5 µM [3H]-Ile-tRNALeu and 100 nM enzyme. E. coli LeuRS was
used as the positive control. Abbreviations are as follows: (), M. synoviae LeuRS (Ms); (N), M. mobile
LeuRS (Mm); (H), E. coli LeuRS (Ec); and (), no enzyme control (noE). Error bars represented standard
deviations calculated from triplicated reactions.
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Figure 7.2: M. mobile LeuRS exhibits pre-transfer editing activity. Reaction mixtures contained 10 µM
M. mobile tRNALeu or a tRNA analog with 2′-deoxyadenosine substituted for the A76 base (2′dA-tRNA) and
1 µM M. mobile LeuRS. Amino acid-dependent AMP formation is measured by thin-layer chromatography
of reaction aliquots from ATPase reactions with 18 µM [α-32P]-ATP (40 µCi/mL), 5 mM isoleucine (A)
or 5 mM leucine (B). Aminoacyl-adenylate was measured with 18 µM [α-32P]-ATP (40 µCi/mL), 5 mM
isoleucine (C) or 5 mM leucine (D). Abbreviations are as follows: (), isoleucine only (Ile); (N), isoleucine
and tRNA (Ile+tRNA); (H), isoleucine and 2′dA-tRNA (Ile+2′dA); (), leucine only (Leu); (•), leucine and
tRNA (Leu+tRNA); (), leucine and 2′dA-tRNA (Leu+2′dA); and (×), no amino acid control (No AA).
Error bars represent standard deviations derived from triplicated reactions.
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Figure 7.3: M. synoviae LeuRS exhibits pre-transfer editing activity. Reaction mixtures contained 10 µM
M. mobile tRNALeu or a tRNA analog with 2′-deoxyadenosine substituted for the A76 base (2′dA-tRNA)
and 1 µM M. synoviae LeuRS. Amino acid-dependent AMP formation is measured by thin-layer chromatog-
raphy of reaction aliquots from ATPase reactions with 18 µM [α-32P]-ATP (40 µCi/mL), 5 mM isoleucine
(A) or 5 mM leucine (B). Aminoacyl-adenylate was measured with 18 µM [α-32P]-ATP (40 µCi/mL), 5 mM
isoleucine (C) or 5 mM leucine (D). Abbreviations are as follows: (), isoleucine only (Ile); (N), isoleucine
and tRNA (Ile+tRNA); (H), isoleucine and 2′dA-tRNA (Ile+2′dA); (), leucine only (Leu); (•), leucine and
tRNA (Leu+tRNA); (), leucine and 2′dA-tRNA (Leu+2′dA); and (×), no amino acid control (No AA).
Error bars represent standard deviations derived from triplicated reactions.
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Chapter 8
Duplicated LeuRSs in Sulfolobus
8.1 Sulfolobus genomes encode duplicated LeuRSs
Two copies of LeuRSs are found in all of the four known Sulfolobus species (Sulfolobus solfataricus, S.
islandicus, Sulfolobus acidocaldarius and Sulfolobus tokodaii) as well as Metallosphaera sedula, the closest
genome-sequenced relative of Sulfolobus. Phylogenetic analysis indicates that they form two clusters and are
mostly likely originated from an ancient gene duplication event (Figure 8.1). The two clusters are denoted
by LeuRS-F and LeuRS-I, respectively (F for fidelity, I for infidelity, see below). The LeuRS-I group has a
longer branch length compared to LeuRS-F, indicating more substitutions have occurred in its evolution. In
the LeuRS-I group, S. islandicus, S. solfataricus and S. acidocaldarius LeuRS-I are closely related and form
the sai subgroup (S. solfataricus, S. acidocaldarius and S. islandicus). The significance of this subgroup
will be discussed below.
8.2 One group of LeuRS is putatively editing-defective
We further analyzed the sequence alignment of these duplicated LeuRSs. The two groups share about 40%
sequence percentage identity (SPI), while within each group, the SPI is around 60%. Both groups have
well-conserved catalytic domains, including the intact HIGH and KMSKS motifs, suggesting they are not
pseudogenes. However, in LeuRS-I group, the universally conserved aspartate1 in the editing domain is
uniformly replaced by a histidine (Figure 8.2). We hypothesized that this mutation will render the LeuRS
defective in post-transfer editing and compromise the fidelity of translation (infidelity). For the LeuRS-F
group, all the known key residues for editing are maintained, and we propose this group can maintain fidelity
1In E. coli LeuRS, this corresponds to D345.
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Figure 8.1: Phylogenetic tree of full-length archaea LeuRSs. The two branches of the duplicated LeuRSs
in Sulfolobus are indicated by blue (LeuRS-F) and red (LeuRS-I), respectively. The yeast cytoplasmic
LeuRS is used as an outgroup. Scale bar denotes substitutions per site.
of translation.
In addition to the changes in the conserved aspartic acid, the sai subgroup further bears mutations on
the highly conserved threonine that governs the post-transfer editing specificity (Figure 8.2) [Mursinna and
Martinis, 2002]. From the studies in E. coli LeuRS, a residue bulkier than threonine may block the entrance
of the editing site and causes misaminoacylation [Mursinna et al., 2001; Mursinna and Martinis, 2002]. This
supports our hypothesis that LeuRS-I group is editing-defective.
8.3 Two Sulfolobus sp. species encode normal LeuRS with weak start codons
We further studied the transcription and translation of these two groups of LeuRSs (Figure 8.3 and 8.4). The
transcription of both LeuRSs in S. acidocaldarius and S. solfataricus have been confirmed by two different
groups [Fro¨ls et al., 2007; Go¨tz et al., 2007]. To study its translation, we conducted a detailed analysis of
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Figure 8.2: Alignment of LeuRS editing active site’s highly conserved threonine-rich region (left) and “uni-
versal” aspartic acid region (right). The putative editing-defective and editing-active LeuRSs for Sulfolobus
species and M. sedula are indicated by “I” and “F”, respectively. Red boxes highlighted the substitutions of
key editing residues.
the 5′ UTR and start codons of these LeuRSs. The putatively editing-defective LeuRSs utilize common start
codons while two of the normal LeuRSs use unusual start codons: S. solfataricus uses ATT, and S. tokodaii
uses ATA. These start codons are much weaker and are used for some toxic proteins in E. coli (Gary Olsen,
personal communication).
Figure 8.3: Editing-defective LeuRSs use normal start codons. Green blocks: start codons; red blocks: stop
codons; blue blocks: ribosome binding site. ? stands for the two LeuRSs whose transcription have been
confirmed [Fro¨ls et al., 2007; Go¨tz et al., 2007].
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Figure 8.4: Normal LeuRSs use unusual start codons. Green boxes: unusual start codons. Other legends see
Figure 8.3.
8.4 Transcription of duplicated LeuRSs in S. islandicus
To study the transcription of the duplicated LeuRSs, we collaborated with Dr. Rachel Whitaker’s lab and
use S. islandicus as our model system. Total RNA was extracted from the S. islandicus cells, treated with
DNase to remove residual genomic DNA, and reverse transcribed to obtain cDNA, which was subsequently
amplified by PCR reaction. Figure 8.5 shows that both LeuRSs are transcribed, and there is no DNA con-
tamination (since the omission of reverse transcription and/or total RNA resulted in no PCR product).
Figure 8.5: RT-PCR analysis of LeuRS-I and LeuRS-F transcription in S. islandicus. Reverse transcrip-
tion was performed to generate cDNA from the total mRNA extracted from S. islandicus, and the cDNA was
subsequently amplified by PCR. Transcripts of ribosomal protein L2 was used a positive control. Omission
of reverse transcription or total mRNA resulted in no PCR product. The DNA size markers is indicated in
the left.
8.5 Biochemical characterization of LeuRS-F
To search for the optimal working temperature and pH for the cloned S. islandicus LeuRS-F in vitro, its
activity was scanned with a broad range of temperature (from 37 ◦C to 80 ◦C) and pH (from 2 to 6).
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The highest level of Leu-tRNALeu was observed at 55 ◦C and pH 5 (data not shown). This temperature
and pH is the optimal condition for in vitro assays. At the optimal condition, LeuRS-F displayed a robust
aminoacylation activity and did not produce misacylated tRNA (Figure 8.6), consistent with our predictions.
Figure 8.6: LeuRS-F maintained the fidelity of aminoacylation. Leucylation assay (A) was performed
using 21 µM [3H]-leucine (166 µCi/mL), 100 nM S. islandicus LeuRS-F and 4 µM S. islandicus tRNALeu.
Misaminoacylation assay (B) was conducted using 21 µM [3H]-isoleucine (166 µCi/mL), 1 µM S. islandi-
cus LeuRS and 4 µM tRNALeu. Both assays were performed at 55 ◦C, pH 5.0.
8.6 Biochemical characterization of the D345H mutation in E. coli LeuRS
The most significant feature of LeuRS-I is the mutation of the universally conserved aspartic acid in the CP1
domain into a histidine. To investigate the effect of this mutation on the editing function, we first mutated
the aspartic acid to an histidine in E. coli LeuRS. The purified mutant enzyme (ecD345H) can aminoacylate
E. coli tRNALeu with a robust activity comparable to the wild-type enzyme (Figure 8.7A).
We hypothesize that the ecD345H mutant will be defective in post-transfer editing and mischarge
tRNALeu, as the histidine mutation will neutralize the negative charge that is essential to anchor the pos-
itively charged ammonium group in the misaminacylated tRNA. Indeed, ecD345H mischarges isoleucine
at a level comparable to other well-characterized mischarging mutants (Figure 8.7B), and it is unable to
hydrolyze Ile-tRNALeu (Figure 8.7C). Both results support our hypothesis and suggest that LRS-I, which
has the same alteration, might also be editing-defective.
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Figure 8.7: E. coli D345H LeuRS mischarges tRNALeu. Aminoacylation assay (A) was performed us-
ing 21 µM [3H]-leucine (166 Ci/mmol), 100 nM E. coli wild-type or mutant LeuRS, and 4 µM E. coli
tRNALeu. Misaminoacylation assay (B) was conducted using 21 µM [3H]-isoleucine (166 Ci/mmol), 1 µM
E. coli wild-type or mutant LeuRS, and 4 µM tRNALeu. Deacylation reactions contained∼6.5 µM [3H]-Ile-
tRNALeu and E. coli wild type or mutant LeuRS. The wild-type LeuRS (blue) and two mischarging mutants,
T252Y (green) and YDD (Y330A/D342A/D345A, pink) mutants are controls. The D345H mutant is shown
in red.
8.7 Remarks
Duplicated aaRS is not commonly seen, and it usually indicates a functional divergence of these two en-
zymes [Zhang, 2003]. For example, in Trypanosoma brucei, one of duplicated TrpRS is required to charge
the tRNA that decodes the unique mitochondrial tryptophan codon UGA; while the other is responsible for
the normal tRNA [Charrie`re et al., 2006]. The function of the duplicated LeuRSs in Sulfolobus, and espe-
cially LeuRS-I, is still not clear. One possibility is that the LeuRS-I can provide selective advantage in a
leucine-limited environment by generating statistical proteins. A very similar scheme has been proposed
and verified in E. coli under artificial environment [Do¨ring et al., 2001]. However, we currently have no clue
of the existence of such kind of leucine-limited environment, and the fact that Sulfolobus encode the entire
system for leucine biosynthesis raised further doubt of this hypothesis.
An alternative model is that Sulfolobus use LeuRS-I to shield oxidative damage by statistically substi-
tuting leucine with methionine. This model gains its support from two recent studies [Bender et al., 2008;
Netzer et al., 2009]. However, to verify this model, we at least need to show the mischarging of methionine
by LeuRS-I.
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8.8 Methods
Phylogenetic analysis of archaeal LeuRS.
Archaeal LeuRS sequences were retrieved from ExPASy database http://ca.expasy.org/, aligned
and edited in MultiSeq/VMD [Roberts et al., 2006] using CLUSTALW [Thompson et al., 1994]. Phyloge-
netic trees were inferred by using maximum-likelihood method with PHYLIP [Felsenstein, 1989]. We also
used theSEED website (http://theseed.uchicago.edu) to study 5′ UTR of genes.
Mutagenesis of D345H in E. coli LeuRS.
The plasmid p15ec3-1 was used as a template to introduce D345H mutation. The site-directed mutagenesis
was introduced via plasmid mutagenesis as described in section 3.8 with the following primers (Table 8.1).
The mutant E. coli LeuRS was overexpressed and purified as described in section 2.4.
Table 8.1: Oligonucleotide primer sequences for D345H mutagenesis
Name Sequence 5′→ 3′(direction)
D345Hf GAC CAG CGC CAC TAC GAG TTT
D345Hr AAA CTC GTA GTG GCG CTG GTC
Detection of LeuRSs transcripts in S. islandicus.
The S. islandicus cells were grown at 70 ◦C to reach OD600 0.2 and total RNA was extracted using mirVana
miRNA isolation kit (Ambion). The genomic DNA was removed by RQ1 RNase-free DNase (Promega)
following manufacturer’s protocol. RT-PCR was performed using ImProm-II reverse transcription system
(Promega) and its commercial protocol, followed by a routine PCR procedure.
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Table 8.2: Oligonucleotide primer sequences for RT-PCR
Name Sequence 5′→ 3′(direction)
LeuRS-Ff TGG CAG ACT AAA TGG GAG GAA GC
LeuRS-Fr CTG GGC ACC ATC CTA CAG GGT
LeuRS-Frt TTG AAT AAC GTT GCT CAC AAG TGG CAG
LeuRS-If CTT CTA AAT GGC AAG CGG AAT GGG
LeuRS-Ir GCC AAC AAC GTC ATC TTC AGT AAC
LeuRS-Irt ATG TAT AAT GAT TTC TTC AAT TCC ATA GCT TC
L2-f GAA TTT ATT ACA GCA GAG GGC GGG
L2-r GAC CAA CTT TTC TAC CTG GAG GAG C
L2-rt CAC TTA CCC TCC TTC CTC CCT G
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Chapter 9
Conclusions
The research presented here focuses on elucidating the chemical mechanisms and biological functions of
editing reaction, a major proofreading mechanism essential for maintaining the fidelity of translation. An
interdisciplinary approach that combines computational and experimental methods is used throughout the
thesis. In many cases, bioinformatics and molecular dynamics simulations have led to unexpected discover-
ies and testable predictions, some of which were subsequently verified by biochemical and in vivo studies.
The first important result from this interdisciplinary study is the identification and functional character-
ization of M. mobile LeuRS, the only known example in LeuRS, IleRS and ValRS that completely lacks its
CP1 editing domain [Li et al., 2011] (chapter 6). The M. mobile LeuRS is one of the several other LeuRSs
that have significantly degenerated CP1 domains (chapter 6). Detailed characterization of this enzyme
showed that it misaminoacylates tRNALeu, and elevates mistranslation rates significantly in both M. mobile
and E. coli. Based on the sequences of the key residues in the editing domains, we further predicted several
other aaRSs (including ThrRS, PheRS and LeuRS) in a wide range of Mycoplasma species are prone to
misaminoacylation. This prediction is supported by the detection of mistranslated of phenylalanine codons
in M. mobile. Phylogenetic analysis demonstrates that such kind of degeneration of editing function has
occurred multiple times independently in different lineages of Mycoplasma, and is likely a general theme in
the evolution of Mycoplasma.
The implications of the work in M. mobile LeuRS are four-fold: first, the detection of a statistical pro-
teome in Mycoplasma demonstrates the cell’s flexibility in the tolerance of mistranslation [Reynolds et al.,
2010], and supports the idea that ancient life could survive or even benefit from statistical proteins [Woese,
2002]; second, in contrast to previous examples in which mistranslation is caused by codon ambiguity [San-
tos et al., 1999] or frame-shift [Meyerovich et al., 2010], our work unveils a unique aaRS-dependent path-
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way to generate a statistical proteome; third, the Mycoplasma LeuRSs devoid of post-transfer editing are
excellent natural systems to investigate pre-transfer editing; finally, our work raises the possibility that My-
coplasma may take advantage of the statistical proteome to confer antigen diversity and may provide new
insights for the cure of Mycoplasma related diseases.
The lack of post-transfer editing activities in M. mobile and M. synoviae LeuRSs also invites us to ex-
plore the pre-transfer editing of these two enzymes. By using the unchargeable tRNA analogs (2′dA-tRNA),
we detected tRNA-dependent pre-transfer editing activities in both cases (chapter 7). However, the pre-
transfer editing here is not strong enough to fully suppress misaminoacylation and mistranslation [Li et al.,
2011]. This is in contrast with the E. coli or yeast mitochondria ∆CP1 LeuRS, in which pre-transfer editing
can fully suppress misaminoacylation [Boniecki et al., 2008]. This weaker pre-transfer editing activity may
result from the balance of two evolution driving forces in Mycoplasma: the need to produce a statistical
proteome and to maintain a reasonable level fidelity for translation.
To elucidate the chemical mechanism and distinguish several proposed models (section 1.5) of pre-
transfer editing, we capitalized on the E. coli ∆CP1 LeuRS whose three dimensional structure can be
straightforwardly modeled based the full-length E. coli LeuRS structure. Unbiased molecular dynamics
revealed a surprisingly simple model for the pre-transfer editing, which only requires a small rotation of
A76 that makes space for a water molecule to hydrolyze the non-cognate adenylate (chapter 4). The rel-
ative stability between this pre-transfer editing conformation (hydrolysis conformation) and the reactive
conformation for the aminoacylation (transfer conformation) is determined by reconstructing the free en-
ergy profile using umbrella sampling. In the cognate ∆CP1 LeuRS:tRNALeu:Leu-AMP ternary complex,
the free energy profile is strongly biased towards transfer conformation; while in the non-cognate ∆CP1
LeuRS:tRNALeu:Ile-AMP complex, the hydrolysis conformation is about equally stable as the transfer con-
formation. As such, the aminoacylation site of the ∆CP1 LeuRS should be considered the active site for
both aminoacylation and pre-transfer editing reactions (the “on-site” hydrolysis model, section 1.5); it can
be switched from one to the other depends on the adenylate. To further test this model, biochemical experi-
ments such as mischarging assay of ∆CP1 with 3′-dA tRNA is needed.
Another intriguing example for degenerated CP1 domain is the duplicated LeuRSs in Sulfolobus (chap-
ter 8). Both LeuRSs are transcribed in S. islandicus (chapter 8), S. acidocaldarius and S. solfataricus [Fro¨ls
et al., 2007; Go¨tz et al., 2007]. However, in one group (LeuRS-I), the universally conserved aspartate is
uniformly replaced by a histidine. The same mutation in E. coli LeuRS abolishes post-transfer editing
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activity and leads to misaminoacylation of tRNALeu, and we predicted this substitution will also render
LeuRS-I prone to misaminoacylation. To elucidate the biochemical and physiological function of LeuRS-I,
future work should focus on optimizing the conditions for enzymatic assays and knocking out LeuRS-I in
S. islandicus [Wagner et al., 2009].
Considerable efforts have also been made to explore the chemical details of the aminoacylation reaction
itself. The binding of ATP is a prerequisite for aminoacylation, and we applied metadynamics simulations
to reconstruct two-dimensional free energy landscapes of this millisecond process. From the free energy
calculations, the ATP binding follows a two-step mechanism. In the first step, the triphosphate group binds
to the three positively residues in the KMSKS loop and form a series of encounter complexes in a fly-casting
mechanism; the second step is rate-limiting, which consists of the binding of adenine base and ribose, with
a key intermediate in which the adenine base-stacked with His15. The simulation results are supported by
the following facts:
1. The predicted most stable conformation of ATP binding coincides with the crystal structure.
2. The predicted binding free energy of ATP is within the error of experimental measurements.
3. Mutations of His15 and residues in KMSKS loop significantly reduced the binding affinity of ATP.
The methodology used in this study should be applicable to many other ligand binding/unbinding processes
and an obvious future direction is to test the solvent ejection model of pre-transfer editing in E. coli ∆CP1
LeuRS (section 1.5).
Finally, single-turnover kinetics has been applied to measure the rates and calculate the activation en-
ergy of the aminoacyl transfer reaction in T. thermophilus GluRS. The calculated activation energy (2.2 ±
0.2 kcal/mol) sets up an upper bound for the energy barrier and can be used to examine the results of
QM/MM simulations. Mutagenesis should be performed on important residues in the active site of T. ther-
mophilus GluRS to infer a plausible reaction mechanism. The methods used in this study should also be
applied to other class-I aaRSs and it will be interesting if a similar low activation energy is also observed.
106
Bibliography
Ahel, I., Korencic, D., Ibba, M. and Soll, D. (2003). Trans-editing of mischarged tRNAs. Proc. Natl. Acad.
Sci. U.S.A. 100, 15422–15427.
An, S. and Musier-Forsyth, K. (2004). Trans-editing of Cys-tRNAPro by Haemophilus influenzae YbaK
protein. J. Biol. Chem. 279, 42359–42362.
Bacher, J. M., de Cre´cy-Lagard, V. and Schimmel, P. R. (2005). Inhibited cell growth and protein functional
changes from an editing-defective tRNA synthetase. Proc. Natl. Acad. Sci. U.S.A. 102, 1697–1701.
Baldwin, A. N. and Berg, P. (1966). Transfer ribonucleic acid-induced hydrolysis of valyladenylate bound
to isoleucyl ribonucleic acid synthetase. J. Biol. Chem. 241, 839–845.
Barducci, A., Bussi, G. and Parrinello, M. (2008). Well-tempered metadynamics: a smoothly converging
and tunable free-energy method. Phys. Rev. Lett. 100, 020603.
Bas, D. C., Rogers, D. M. and Jensen, J. H. (2008). Very fast prediction and rationalization of pKa values
for protein-ligand complexes. Proteins 73, 765–783.
Beebe, K., Merriman, E., Ribas De Pouplana, L. and Schimmel, P. (2004). A domain for editing by an
archaebacterial tRNA synthetase. Proc. Natl. Acad. Sci. U.S.A. 101, 5958–5963.
Beebe, K., Mock, M., Merriman, E. and Schimmel, P. (2008). Distinct domains of tRNA synthetase recog-
nize the same base pair. Nature 451, 90–93.
Beebe, K., Ribas De Pouplana, L. and Schimmel, P. (2003). Elucidation of tRNA-dependent editing by a
class II tRNA synthetase and significance for cell viability. EMBO J. 22, 668–675.
Bender, A., Hajieva, P. and Moosmann, B. (2008). Adaptive antioxidant methionine accumulation in respi-
107
ratory chain complexes explains the use of a deviant genetic code in mitochondria. Proc. Natl. Acad. Sci.
U.S.A. 105, 16496–16501.
Betha, A. K., Williams, A. M. and Martinis, S. A. (2007). Isolated CP1 domain of Escherichia coli leucyl-
tRNA synthetase is dependent on flanking hinge motifs for amino acid editing activity. Biochemistry 46,
6258–6267.
Beuning, P. J. and Musier-Forsyth, K. (2000). Hydrolytic editing by a class II aminoacyl-tRNA synthetase.
Proc. Natl. Acad. Sci. U.S.A. 97, 8916–8920.
Bishop, A. C., Beebe, K. and Schimmel, P. R. (2003). Interstice mutations that block site-to-site transloca-
tion of a misactivated amino acid bound to a class I tRNA synthetase. Proc. Natl. Acad. Sci. U.S.A. 100,
490–494.
Bishop, A. C., Nomanbhoy, T. K. and Schimmel, P. (2002). Blocking site-to-site translocation of a misacti-
vated amino acid by mutation of a class I tRNA synthetase. Proc. Natl. Acad. Sci. U.S.A. 99, 585–590.
Black-Pyrkosz, A., Eargle, J., Sethi, A. and Luthey-Schulten, Z. (2010). Exit strategies for charged tRNA
from GluRS. J. Mol. Biol. 397, 1350–1371.
Blanchard, S. C., Gonzalez, R. L., Kim, H. D., Chu, S. and Puglisi, J. D. (2004). tRNA selection and kinetic
proofreading in translation. Nat. Struct. Mol. Biol. 11, 1008–1014.
Bolhuis, P. G., Chandler, D., Dellago, C. and Geissler, P. L. (2002). Transition path sampling: throwing
ropes over rough mountain passes, in the dark. Annu. Rev. Phys. Chem. 53, 291–318.
Boniecki, M. T., Vu, M. T., Betha, A. K. and Martinis, S. A. (2008). CP1-dependent partitioning of pretrans-
fer and posttransfer editing in leucyl-tRNA synthetase. Proc. Natl. Acad. Sci. U.S.A. 105, 19223–19228.
Bussi, G., Gervasio, F. L., Laio, A. and Parrinello, M. (2006). Free-energy landscape for beta hairpin folding
from combined parallel tempering and metadynamics. J. Am. Chem. Soc. 128, 13435–13441.
Charrie`re, F., Helgado´ttir, S., Horn, E., So¨ll, D. and Schneider, A. (2006). Dual targeting of a single
tRNA(Trp) requires two different tryptophanyl-tRNA synthetases in Trypanosoma brucei. Proc. Natl.
Acad. Sci. U.S.A. 103, 6847–6852.
Cusack, S. (1995). Eleven down and nine to go. Nat. Struct. Biol. 2, 824–831.
108
Cusack, S., Yaremchuk, A. and Tukalo, M. (2000). The 2 A˚ crystal structure of leucyl-tRNA synthetase and
its complex with a leucyl-adenylate analogue. EMBO J. 19, 2351–2361.
Darden, T., York, D. and Pedersen, L. (1993). Particle mesh Ewald: An N·log(N) method for Ewald sums
in large systems. J. Chem. Phys. 98, 10089–10092.
Delarue, M. and Moras, D. (1993). The aminoacyl-tRNA synthetase family: modules at work. Bioessays
15, 675–687.
Dock-Bregeon, A., Sankaranarayanan, R., Romby, P., Caillet, J., Springer, M., Rees, B., Francklyn, C.,
Ehresmann, C. and Moras, D. (2000). Transfer RNA-mediated editing in threonyl-tRNA synthetase. The
class II solution to the double discrimination problem. Cell 103, 877–884.
Dock-Bregeon, A. C., Rees, B., Torres-Larios, A., Bey, G., Caillet, J. and Moras, D. (2004). Achieving
error-free translation; the mechanism of proofreading of threonyl-tRNA synthetase at atomic resolution.
Mol. Cell 16, 375–386.
Do¨ring, V., Mootz, H. D., Nangle, L. A., Hendrickson, T. L., de Crecy-Lagard, V., Schimmel, P. and Mar-
liere, P. (2001). Enlarging the amino acid set of Escherichia coli by infiltration of the valine coding
pathway. Science 292, 501–504.
Dulic, M., Cvetesic, N., Perona, J. J. and Gruic´-Sovulj, I. (2010). Partitioning of tRNA-dependent editing
between pre- and post-transfer pathways in class I aminoacyl-tRNA synthetases. J. Biol. Chem. 285,
23799–23809.
E, W., Ren, W. and Vanden-Eijnden, E. (2007). Simplified and improved string method for computing the
minimum energy paths in barrier-crossing events. J. Chem. Phys. 126, 164103.
Eargle, J., Black, A. A., Sethi, A., Trabuco, L. G. and Luthey-Schulten, Z. (2008). Dynamics of Recognition
between tRNA and elongation factor Tu. J. Mol. Biol. 377, 1382–1405.
Eldred, E. W. and Schimmel, P. R. (1972). Rapid deacylation by isoleucyl transfer ribonucleic acid syn-
thetase of isoleucine-specific transfer ribonucleic acid aminoacylated with valine. J. Biol. Chem. 247,
2961–2964.
109
Englisch, S., Englisch, U., von der Haar, F. and Cramer, F. (1986). The proofreading of hydroxy analogues
of leucine and isoleucine by leucyl-tRNA synthetases from E. coli and yeast. Nucleic Acids Res. 14,
7529–7539.
Eriani, G., Delarue, M., Poch, O., Gangloff, J. and Moras, D. (1990). Partition of tRNA synthetases into
two classes based on mutually exclusive sets of sequence motifs. Nature 347, 203–206.
Feller, S. E., Zhang, Y., Pastor, R. W. and Brooks, B. R. (1995). Constant pressure molecular dynamics
simulation: The Langevin piston method. J. Chem. Phys. 103, 4613–4621.
Felsenstein, J. (1989). PHYLIP—Pylogeney inference package (version 3.2). Cladistics 5, 164–166.
Ferrenberg, A. M. and Swendson, R. H. (1989). Optimized Monte Carlo data analysis. Phys. Rev. Lett. 63,
1195–1198.
Fersht, A. R. (1977a). Editing mechanisms in protein synthesis. Rejection of valine by the isoleucyl-tRNA
synthetase. Biochemistry 16, 1025–1030.
Fersht, A. R. (1977b). Enzyme structure and mechanism. W. H. Freeman.
Fersht, A. R. (1998). Sieves in sequence. Science 280, 541.
Fersht, A. R. and Kaethner, M. M. (1976). Enzyme hyperspecificity. Rejection of threonine by the valyl-
tRNA synthetase by misacylation and hydrolytic editing. Biochemistry 15, 3342–3346.
Fidelak, J., Juraszek, J., Branduardi, D., Bianciotto, M. and Gervasio, F. L. (2010). Free-energy-based
methods for binding profile determination in a congeneric series of CDK2 inhibitors. J. Phys. Chem. B.
114, 9516–9524.
Francklyn, C. S., First, E. A., Perona, J. J. and Hou, Y. M. (2008). Methods for kinetic and thermodynamic
analysis of aminoacyl-tRNA synthetases. Methods 44, 100–118.
Fro¨ls, S., Gordon, P., Panlilio, M., Duggin, I., Bell, S., Sensen, C. and Schleper, C. (2007). Response of
the hyperthermophilic archaeon Sulfolobus solfataricus to UV damage. Journal of Bacteriology 189,
8708–8718.
110
Fukai, S., Nureki, O., Sekine, S., Shimada, A., Tao, J., Vassylyev, D. G. and Yokoyama, S. (2000). Structural
basis for double-sieve discrimination of L-valine from L-isoleucine and L-threonine by the complex of
tRNA(Val) and valyl-tRNA synthetase. Cell 103, 793–803.
Fukunaga, R., Fukai, S., Ishitani, R., Nureki, O. and Yokoyama, S. (2004). Crystal structures of the CP1
domain from Thermus thermophilus isoleucyl-tRNA synthetase and its complex with L-valine. J. Biol.
Chem. 279, 8396–8402.
Fukunaga, R. and Yokoyama, S. (2005a). Structural basis for non-cognate amino acid discrimination by the
valyl-tRNA synthetase editing domain. J. Biol. Chem. 280, 29937–29945.
Fukunaga, R. and Yokoyama, S. (2005b). Aminoacylation complex structures of leucyl-tRNA synthetase
and tRNALeu reveal two modes of discriminator-base recognition. Nat. Struct. Mol. Biol. 12, 915–922.
Fukunaga, R. and Yokoyama, S. (2006). Structural basis for substrate recognition by the editing domain of
isoleucyl-tRNA synthetase. J. Mol. Biol. 359, 901–912.
Gervasio, F. L., Laio, A. and Parrinello, M. (2005). Flexible docking in solution using metadynamics. J.
Am. Chem. Soc. 127, 2600–2607.
Gomes, A. C., Miranda, I., Silva, R. M., Moura, G. R., Thomas, B., Akoulitchev, A. and Santos, M. A.
(2007). A genetic code alteration generates a proteome of high diversity in the human pathogen Candida
albicans. Genome Biol. 8, R206.
Go¨tz, D., Paytubi, S., Munro, S., Lundgren, M., Bernander, R. and White, M. (2007). Responses of hyper-
thermophilic crenarchaea to UV irradiation. Genome Biology 8, R220.
Gromadski, K. B. and Rodnina, M. V. (2004). Kinetic determinants of high-fidelity tRNA discrimination on
the ribosome. Mol. Cell 13, 191–200.
Grubmu¨ller, H., Heymann, B. and Tavan, P. (1996). Ligand binding: molecular mechanics calculation of
the streptavidin-biotin rupture force. Science 271, 997–999.
Gruic´-Sovulj, I., Uter, N., Bullock, T. and Perona, J. J. (2005). tRNA-dependent aminoacyl-adenylate
hydrolysis by a nonediting class I aminoacyl-tRNA synthetase. J. Biol. Chem. 280, 23978–23986.
111
Guo, M., Chong, Y. E., Beebe, K., Shapiro, R., Yang, X. L. and Schimmel, P. (2009). The C-Ala domain
brings together editing and aminoacylation functions on one tRNA. Science 325, 744–747.
Hagiwara, Y., Field, M. J., Nureki, O. and Tateno, M. (2010). Editing mechanism of aminoacyl-tRNA
synthetases operates by a hybrid ribozyme/protein catalyst. J. Am. Chem. Soc. 132, 2751–2758.
Hagiwara, Y., Nureki, O. and Tateno, M. (2009). Identification of the nucleophilic factors and the productive
complex for the editing reaction by leucyl-tRNA synthetase. FEBS Lett. 583, 1901–1908.
Hansmann, U. H. E. (1997). Parallel tempering algorithm for conformational studies of biological
molecules. Chem. Phys. Lett. 281, 140–150.
Hati, S., Ziervogel, B., Sternjohn, J., Wong, F. C., Nagan, M. C., Rosen, A. E., Siliciano, P. G., Chihade,
J. W. and Musier-Forsyth, K. (2006). Pre-transfer editing by class II prolyl-tRNA synthetase: role of
aminoacylation active site in “selective release” of noncognate amino acids. J. Biol. Chem. 281, 27862–
27872.
Hendrickson, T. L., Nomanbhoy, T. K., de Cre´cy-Lagard, V., Fukai, S., Nureki, O., Yokoyama, S. and
Schimmel, P. (2002). Mutational separation of two pathways for editing by a class I tRNA synthetase.
Mol. Cell 9, 353–362.
Hopfield, J. J. (1974). Kinetic proofreading: a new mechanism for reducing errors in biosynthetic processes
requiring high specificity. Proc. Natl. Acad. Sci. U.S.A. 71, 4135–4139.
Hountondji, C., Dessen, P. and S., B. (1986). Sequence similarities among the family of aminoacyl-tRNA
synthetases. Biochimie 68, 1071–1078.
Hountondji, C., Dessen, P. and S., B. (1993). The SKS of the KMSKS signature of class I aminoacyl-tRNA
synthetases corresponds to the GKT/S sequence characteristic of the ATP-binding site of many proteins.
Biochimie 75, 1137–1142.
Hountondji, C., Schmitter, J. M., Fukui, T., Tagaya, M. and Blanquet, S. (1990). Affinity labeling of
aminoacyl-tRNA synthetases with adenosine triphosphopyridoxal: probing the Lys-Met-Ser-Lys-Ser sig-
nature sequence as the ATP-binding site in Escherichia coli methionyl-and valyl-tRNA synthetases. Bio-
chemistry 29, 11266–11273.
112
Hub, J. S., de Groot, B. L. and van der Spoel, D. (2010). g wham—a free weighted histogram analysis
implementation including robust error and autocorrelation estimates. J. Chem. Theory Comput. 6, 3713–
3720.
Humphrey, W., Dalke, A. and Schulten, K. (1996). VMD: visual molecular dynamics. J. Mol. Graph. 14,
33–38.
Hussain, T., Kamarthapu, V., Kruparani, S. P., Deshmukh, M. V. and Sankaranarayanan, R. (2010). Mecha-
nistic insights into cognate substrate discrimination during proofreading in translation. Proc. Natl. Acad.
Sci. U.S.A. 107, 22117–22121.
Ibba, M., Morgan, S., Curnow, A. W., Pridmore, D. R., Vothknecht, U. C., Gardner, W., Lin, W., Woese,
C. R. and So¨ll, D. (1997). A euryarchaeal lysyl-tRNA synthetase: resemblance to class I synthetases.
Science 278, 1119–1122.
Ibba, M. and So¨ll, D. (1999). Quality control mechanisms during translation. Science 286, 1893–1897.
Ibba, M. and So¨ll, D. (2000). Aminoacyl-tRNA synthesis. Annual Review of Biochemistry 69, 617–650.
Jaffe, J. D., Stange-Thomann, N., Smith, C., DeCaprio, D., Fisher, S., Butler, J., Calvo, S., Elkins, T.,
FitzGerald, M. G., Hafez, N., Kodira, C. D., Major, J., Wang, S., Wilkinson, J., Nicol, R., Nusbaum, C.,
Birren, B., Berg, H. C. and Church, G. M. (2004). The complete genome and proteome of Mycoplasma
mobile. Genome Res. 14, 1447–1461.
Jakubowski, H. and Goldman, E. (1992). Editing of errors in selection of amino acids for protein synthesis.
Microbiol. Rev. 56, 412–429.
Kapustina, M. and Carter, C. W. (2006). Computational studies of tryptophanyl-tRNA synthetase: activation
of ATP by induced-fit. J. Mol. Biol. 362, 1159–1180.
Karkhanis, V. A., Boniecki, M. T., Poruri, K. and Martinis, S. A. (2006). A viable amino acid editing
activity in the leucyl-tRNA synthetase CP1-splicing domain is not required in the yeast mitochondria. J.
Biol. Chem. 281, 33217–33225.
Karkhanis, V. A., Mascarenhas, A. P. and Martinis, S. A. (2007). Amino acid toxicities of Escherichia coli
that are prevented by leucyl-tRNA synthetase amino acid editing. J. Bacteriol. 189, 8765–8768.
113
Kern, D. and Lapointe, J. (1979). Glutamyl transfer ribonucleic acid synthetase of Escherichia coli. Study
of the interactions with its substrates. Biochemistry 18, 5809–5818.
Kirkwood, J. G. (1935). Statistical mechanics of fluid mixtures. J. Chem. Phys. 3, 300.
Korencic, D., Ahel, I., Schelert, J., Sacher, M., Ruan, B., Stathopoulos, C., Blum, P., Ibba, M. and So¨ll, D.
(2004). A freestanding proofreading domain is required for protein synthesis quality control in Archaea.
Proc. Natl. Acad. Sci. U.S.A. 101, 10260–10265.
Kumar, S., Bouzida, D., Swendsen, R. H., Kollman, P. A. and Rosenberg, J. M. (1992). The weighted
histogram analysis method for free-energy calculations on biomolecules. I. The method. J. Comput.
Chem. 13, 1011–1021.
Laio, A. and Parrinello, M. (2002). Escaping free-energy minima. Proc. Natl. Acad. Sci. U.S.A. 99, 12562–
12566.
Laio, A., Rodriguez-Fortea, A., Gervasio, F. L., Ceccarelli, M. and Parrinello, M. (2005). Assessing the
accuracy of metadynamics. J. Phys. Chem. B. 109, 6714–6721.
LaRiviere, F. J., Wolfson, A. D. and Uhlenbeck, O. C. (2001). Uniform binding of aminoacyl-tRNAs to
elongation factor Tu by thermodynamic compensation. Science 294, 165–168.
Lee, J. W., Beebe, K., Nangle, L. A., Jang, J., Longo-Guess, C. M., Cook, S. A., Davisson, M. T., Sund-
berg, J. P., Schimmel, P. and Ackerman, S. L. (2006). Editing-defective tRNA synthetase causes protein
misfolding and neurodegeneration. Nature 443, 50–55.
Lee, N., Bessho, Y., Wei, K., Szostak, J. W. and Suga, H. (2000). Ribozyme-catalyzed tRNA aminoacyla-
tion. Nat. Struct. Biol. 7, 28–33.
Li, L., Boniecki, M. T., Jaffe, J. D., Imai, B. S., Yau, P. M., Luthey-Schulten, Z. A. and Martinis, S. A.
(2011). Naturally occurring aminoacyl-tRNA synthetases editing-domain mutations that cause mistrans-
lation in Mycoplasma parasites. Proc. Natl. Acad. Sci. U.S.A. 108, 9378–9383.
Limongelli, V., Bonomi, M., Marinelli, L., Gervasio, F. L., Cavalli, A., Novellino, E. and Parrinello, M.
(2010). Molecular basis of cyclooxygenase enzymes (COXs) selective inhibition. Proc. Natl. Acad. Sci.
U.S.A. 107, 5411–5416.
114
Lin, L., Hale, S. P. and Schimmel, P. (1996). Aminoacylation error correction. Nature 384, 33–34.
Lincecum, T., Tukalo, M., Yaremchuk, A., Mursinna, R., Williams, A., Sproat, B., Van Den Eynde, W.,
Link, A., Van Calenbergh, S., Grøtli, M., Martinis, S. and Cusack, S. (2003). Structural and mechanistic
basis of pre- and posttransfer editing by leucyl-tRNA synthetase. Mol. Cell 11, 951–963.
Ling, J., Roy, H. and Ibba, M. (2007). Mechanism of tRNA-dependent editing in translational quality
control. Proc. Natl. Acad. Sci. U.S.A. 104, 72–77.
Ling, J., So, B. R., Yadavalli, S. S., Roy, H., Shoji, S., Fredrick, K., Musier-Forsyth, K. and Ibba, M. (2009).
Resampling and editing of mischarged tRNA prior to translation elongation. Mol. Cell 33, 654–660.
Ling, J. and So¨ll, D. (2010). Severe oxidative stress induces protein mistranslation through impairment of
an aminoacyl-tRNA synthetase editing site. Proc. Natl. Acad. Sci. U.S.A. 107, 4028–4033.
Liu, Y., Liao, J., Zhu, B., Wang, E. D. and Ding, J. (2006). Crystal structures of the editing domain
of Escherichia coli leucyl-tRNA synthetase and its complexes with Met and Ile reveal a lock-and-key
mechanism for amino acid discrimination. Biochem. J. 394, 399–407.
Loftfield, R. B. (1963). The frequency of errors in protein synthesis. Biochem. J. 89, 82–92.
Lue, S. W. and Kelley, S. O. (2005). An aminoacyl-tRNA synthetase with a defunct editing site. Biochem-
istry 44, 3010–3016.
MacKerell, A. D., Bashford, D., Bellott, Dunbrack, R. L., Evanseck, J. D., Field, M. J., Fischer, S., Gao, J.,
Guo, H., Ha, S., Joseph-McCarthy, D., Kuchnir, L., Kuczera, K., Lau, F. T. K., Mattos, C., Michnick, S.,
Ngo, T., Nguyen, D. T., Prodhom, B., Reiher, W. E., Roux, B., Schlenkrich, M., Smith, J. C., Stote, R.,
Straub, J., Watanabe, M., Wiorkiewicz-Kuczera, J., Yin, D. and Karplus, M. (1998). All-atom empirical
potential for molecular modeling and dynamics studies of proteins. J. Phys. Chem. B 102, 3586–3616.
Maniloff, J. (2002). Molecular Biology and Pathogenicity of Mycoplasmas. Kluwer Academic, New York.
Marinelli, F., Pietrucci, F., Laio, A. and Piana, S. (2009). A kinetic model of trp-cage folding from multiple
biased molecular dynamics simulations. PLoS Comput. Biol. 5, e1000452.
Martinis, S. A. and Boniecki, M. T. (2010). The balance between pre- and post-transfer editing in tRNA
synthetases. FEBS Lett. 584, 455–459.
115
Meyerovich, M., Mamou, G. and Ben-Yehuda, S. (2010). Visualizing high error levels during gene expres-
sion in living bacterial cells. Proc. Natl. Acad. Sci. U.S.A. 107, 11543–11548.
Moras, D. (1992). Structural and functional relationships between aminoacyl-tRNA synthetases. Trends
Biochem. Sci. 17, 159–164.
Mursinna, R. S., Lee, K. W., Briggs, J. M. and Martinis, S. A. (2004). Molecular dissection of a critical
specificity determinant within the amino acid editing domain of leucyl-tRNA synthetase. Biochemistry
43, 155–165.
Mursinna, R. S., Lincecum, T. L. and Martinis, S. A. (2001). A conserved threonine within Escherichia coli
leucyl-tRNA synthetase prevents hydrolytic editing of leucyl-tRNALeu. Biochemistry 40, 5376–5381.
Mursinna, R. S. and Martinis, S. A. (2002). Rational design to block amino acid editing of a tRNA syn-
thetase. J. Am. Chem. Soc. 124, 7286–7287.
Naganuma, M., Sekine, S., Fukunaga, R. and Yokoyama, S. (2009). Unique protein architecture of alanyl-
tRNA synthetase for aminoacylation, editing, and dimerization. Proc. Natl. Acad. Sci. U.S.A. 106, 8489–
8494.
Nagel, G. M. and Doolittle, R. F. (1991). Evolution and relatedness in two aminoacyl-tRNA synthetase
families. Proc. Natl. Acad. Sci. U.S.A. 88, 8121–8125.
Nangle, L. A., De Cre´cy Lagard, V., Do¨ring, V. and Schimmel, P. (2002). Genetic code ambiguity. Cell
viability related to the severity of editing defects in mutant tRNA synthetases. J. Biol. Chem. 277, 45729–
45733.
Nangle, L. A., Motta, C. M. and Schimmel, P. (2006). Global effects of mistranslation from an editing defect
in mammalian cells. Chem. Biol. 13, 1091–1100.
Netzer, N., Goodenbour, J. M., David, A., Dittmar, K. A., Jones, R. B., Schneider, J. R., Boone, D., Eves,
E. M., Rosner, M. R., Gibbs, J. S., Embry, A., Dolan, B., Das, S., Hickman, H. D., Berglund, P., Bennink,
J. R., Yewdell, J. W. and Pan, T. (2009). Innate immune and chemically triggered oxidative stress modifies
translational fidelity. Nature 462, 522–526.
116
Nissen, P., Hansen, J., Ban, N., Moore, P. B. and Steitz, T. A. (2000). The structural basis of ribosome
activity in peptide bond synthesis. Science 289, 920–930.
Norris, A. T. and Berg, P. (1964). Mechanism of aminoacyl RNA synthesis: studies with isolated aminoacyl
adenylate complexes of isoleucyl RNA synthetase. Proc. Natl. Acad. Sci. U.S.A. 52, 330–337.
Nureki, O., Vassylyev, D. G., Katayanagi, K., Shimizu, T., Sekine, S., Kigawa, T., Miyazawa, T., Yokoyama,
S. and Morikawa, K. (1995). Architectures of class-defining and specific domains of glutamyl-tRNA
synthetase. Science 267, 1958–1965.
Nureki, O., Vassylyev, D. G., Tateno, M., Shimada, A., Nakama, T., Fukai, S., Konno, M., Hendrickson,
T. L., Schimmel, P. and Yokoyama, S. (1998). Enzyme structure with two catalytic sites for double-sieve
selection of substrate. Science 280, 578–582.
O’Donoghue, P. and Luthey-Schulten, Z. (2003). On the evolution of structure in aminoacyl-tRNA syn-
thetases. Microbiol. Mol. Biol. Rev. 67, 550–573.
Palencia, A., Cre´pin, T., Vu, M. T., Lincecum Jr, T. L., Martinis, S. A. and Cusack, S. (2012). Structural
dynamics of the aminoacylation and proof-reading functional cycle of bacterial leucyl-tRNA synthetase.
Nat. Struct. Mol. Biol. , In press.
Pauling, L. (1958). In Festschrift fu¨r Prof. Dr. Arthur Stoll Siebzigsten. Birkha¨user-Verlag, Basel, Switzer-
land.
Perona, J. J., Rould, M. A. and Steitz, T. A. (1993). Structural basis for transfer RNA aminoacylation by
Escherichia coli glutaminyl-tRNA synthetase. Biochemistry 32, 8758–8771.
Phillips, J. C., Braun, R., Wang, W., Gumbart, J., Tajkhorshid, E., Villa, E., Chipot, C., Skeel, R. D., Kale´, L.
and Schulten, K. (2005). Scalable molecular dynamics with NAMD. J. Comput. Chem. 26, 1781–1802.
Piana, S. and Laio, A. (2007). A bias-exchange approach to protein folding. J. Phys. Chem. B 111,
4553–4559.
Pietrucci, F., Marinelli, F., Carloni, P. and Laio, A. (2009). Substrate binding mechanism of HIV-1 protease
from explicit-solvent atomistic simulations. J. Am. Chem. Soc. 131, 11811–11818.
117
Pope, A. J., Lapointe, J., Mensah, L., Benson, N., Brown, M. J. and Moore, K. J. (1998). Characterization of
isoleucyl-tRNA synthetase from Staphylococcus aureus. I: Kinetic mechanism of the substrate activation
reaction studied by transient and steady-state techniques. J. Biol. Chem. 273, 31680–31690.
Preston, B. D. and Dougherty, J. P. (1996). Mechanisms of retroviral mutation. Trends Microbiol. 4, 16–21.
Puchalski, M. M., Morra, M. J. and von Wandruszka, R. (1991). Assessment of inner filter effect corrections
in fluorimetry. Fresenius J. Anal. Chem. 340, 341–344.
Pugh, R. A., Honda, M. and Spies, M. (2010). Ensemble and single-molecule fluorescence-based assays to
monitor DNA binding, translocation, and unwinding by iron-sulfur cluster containing helicases. Methods
51, 313–321.
Puglisi, J. D. and Tinoco, I. (1989). Absorbance melting curves of RNA. Meth. Enzymol. 180, 304–325.
Ravel, J. M., Wang, S. F., Heinemeyer, C. and Shive, W. (1965). Glutamyl and glutaminyl ribonucleic
acid synthetases of Escherichia coli W. Separation, properties and stimulation of adenosine triphosphate-
pyrophosphate exchange by acceptor ribonucleic acid. J. Biol. Chem. 240, 432–438.
Retailleau, P., Huang, X., Yin, Y., Hu, M., Weinreb, V., Vachette, P., Vonrhein, C., Bricogne, G., Roversi,
P., Ilyin, V. and Carter, C. W. (2003). Interconversion of ATP binding and conformational free ener-
gies by tryptophanyl-tRNA synthetase: structures of ATP bound to open and closed, pre-transition-state
conformations. J. Mol. Biol. 325, 39–63.
Reynolds, N. M., Ling, J., Roy, H., Banerjee, R., Repasky, S. E., Hamel, P. and Ibba, M. (2010). Cell-
specific differences in the requirements for translation quality control. Proc. Natl. Acad. Sci. U.S.A. 107,
4063–4068.
Ribas de Pouplana, L. and Schimmel, P. (2001). Aminoacyl-tRNA synthetases: potential markers of genetic
code development. Trends Biochem. Sci. 26, 591–596.
Roberts, E., Eargle, J., Wright, D. and Luthey-Schulten, Z. (2006). MultiSeq: unifying sequence and
structure data for evolutionary analysis. BMC Bioinformatics 7, 382.
Rock, F. L., Mao, W., Yaremchuk, A., Tukalo, M., Crepin, T., Zhou, H., Zhang, Y. K., Hernandez, V.,
Akama, T., Baker, S. J., Plattner, J. J., Shapiro, L., Martinis, S. A., Benkovic, S. J., Cusack, S. and
118
Alley, M. R. (2007). An antifungal agent inhibits an aminoacyl-tRNA synthetase by trapping tRNA in
the editing site. Science 316, 1759–1761.
Rodnina, M. V., Gromadski, K. B., Kothe, U. and Wieden, H. J. (2005). Recognition and selection of tRNA
in translation. FEBS Lett. 579, 938–942.
Rottem, S. (2003). Interaction of mycoplasmas with host cells. Physiol. Rev. 83, 417–432.
Roy, H., Ling, J., Irnov, M. and Ibba, M. (2004). Post-transfer editing in vitro and in vivo by the beta subunit
of phenylalanyl-tRNA synthetase. EMBO J. 23, 4639–4648.
Ruan, B. and So¨ll, D. (2005). The bacterial YbaK protein is a Cys-tRNAPro and Cys-tRNACys deacylase.
J. Biol. Chem. 280, 25887–25891.
Sali, A. and Blundell, T. L. (1993). Comparative protein modelling by satisfaction of spatial restraints. J.
Mol. Biol. 234, 779–815.
Sampson, J. R. and Uhlenbeck, O. C. (1988). Biochemical and physical characterization of an unmodified
yeast phenylalanine transfer RNA transcribed in vitro. Proc. Natl. Acad. Sci. U.S.A. 85, 1033–1037.
Santos, M. A., Cheesman, C., Costa, V., Moradas-Ferreira, P. and Tuite, M. F. (1999). Selective advantages
created by codon ambiguity allowed for the evolution of an alternative genetic code in Candida spp. Mol.
Microbiol. 31, 937–947.
Schimmel, P. and Ribas De Pouplana, L. (2000). Footprints of aminoacyl-tRNA synthetases are everywhere.
Trends Biochem. Sci. 25, 207–209.
Schimmel, P. and Schmidt, E. (1995). Making connections: RNA-dependent amino acid recognition. Trends
Biochem. Sci. 20, 1–2.
Schmitt, E., Moulinier, L., Fujiwara, S., Imanaka, T., Thierry, J. C. and Moras, D. (1998). Crystal structure
of aspartyl-tRNA synthetase from Pyrococcus kodakaraensis KOD: archaeon specificity and catalytic
mechanism of adenylate formation. EMBO J. 17, 5227–5237.
Sekine, S., Nureki, O., Dubois, D., Bernier, S., Cheˆnevert, R., Lapointe, J., Vassylyev, D. and Yokoyama, S.
(2003). ATP binding by glutamyl-tRNA synthetase is switched to the productive mode by tRNA binding.
EMBO J. 22, 676–688.
119
Sekine, S., Shichiri, M., Bernier, S., Cheˆnevert, R., Lapointe, J. and Yokoyama, S. (2006). Structural bases of
transfer RNA-dependent amino acid recognition and activation by glutamyl-tRNA synthetase. Structure
14, 1791–1799.
Sethi, A., Eargle, J., Black, A. A. and Luthey-Schulten, Z. (2009). Dynamical networks in tRNA:protein
complexes. Proc. Natl. Acad. Sci. U.S.A. 106, 6620–6625.
Sheoran, A., Sharma, G. and First, E. A. (2008). Activation of D-tyrosine by Bacillus stearothermophilus
tyrosyl-tRNA synthetase: 1. Pre-steady-state kinetic analysis reveals the mechanistic basis for the recog-
nition of D-tyrosine. J. Biol. Chem. 283, 12960–12970.
Shoemaker, B. A., Portman, J. J. and Wolynes, P. G. (2000). Speeding molecular recognition by using the
folding funnel: the fly-casting mechanism. Proc. Natl. Acad. Sci. U.S.A. 97, 8868–8873.
Silvian, L. F., Wang, J. and Steitz, T. A. (1999). Insights into editing from an ile-tRNA synthetase structure
with tRNAile and mupirocin. Science 285, 1074–1077.
Splan, K. E., Musier-Forsyth, K., Boniecki, M. T. and Martinis, S. A. (2008). In vitro assays for the
determination of aminoacyl-tRNA synthetase editing activity. Methods 44, 119–128.
Sprinzl, M. and Cramer, F. (1975). Site of aminoacylation of tRNAs from Escherichia coli with respect to
the 2′- or 3′-hydroxyl group of the terminal adenosine. Proc. Natl. Acad. Sci. U.S.A. 72, 3049–3053.
Stamatakis, A. (2006). RAxML-VI-HPC: maximum likelihood-based phylogenetic analyses with thousands
of taxa and mixed models. Bioinformatics 22, 2688–2690.
Starzyk, R. M., Webster, T. A. and Schimmel, P. (1987). Evidence for dispensable sequences inserted into a
nucleotide fold. Science 237, 1614–1618.
Terada, T., Nureki, O., Ishitani, R., Ambrogelly, A., Ibba, M., So¨ll, D. and Yokoyama, S. (2002). Functional
convergence of two lysyl-tRNA synthetases with unrelated topologies. Nat. Struct. Biol. 9, 257–262.
Thompson, J. D., Higgins, D. G. and Gibson, T. J. (1994). CLUSTAL W: improving the sensitivity of
progressive multiple sequence alignment through sequence weighting, position-specific gap penalties and
weight matrix choice. Nucleic Acids Res. 22, 4673–4680.
120
Torrie, G. M. and Valleau, J. P. (1974). Monte Carlo free energy estimates using non-Boltzmann sampling:
application to the sub-critical Lennard-Jones fluid. Chem. Phys. Lett. 28, 578–581.
True, H. L., Berlin, I. and Lindquist, S. L. (2004). Epigenetic regulation of translation reveals hidden genetic
variation to produce complex traits. Nature 431, 184–187.
Tukalo, M., Yaremchuk, A., Fukunaga, R., Yokoyama, S. and Cusack, S. (2005). The crystal structure of
leucyl-tRNA synthetase complexed with tRNALeu in the post-transfer-editing conformation. Nat. Struct.
Mol. Biol. 12, 923–930.
Ubbink, M. (2009). The courtship of proteins: understanding the encounter complex. FEBS Lett. 583,
1060–1066.
Wagner, M., Berkner, S., Ajon, M., Driessen, A. J., Lipps, G. and Albers, S. V. (2009). Expanding and
understanding the genetic toolbox of the hyperthermophilic genus Sulfolobus. Biochem. Soc. Trans. 37,
97–101.
Walker, J. E., Saraste, M., Runswick, M. J. and Gay, N. J. (1982). Distantly related sequences in the alpha-
and beta-subunits of ATP synthase, myosin, kinases and other ATP-requiring enzymes and a common
nucleotide binding fold. EMBO J. 1, 945–951.
Wang, L., Brock, A., Herberich, B. and Schultz, P. G. (2001). Expanding the genetic code of Escherichia
coli. Science 292, 498–500.
Wang, Y. and Tajkhorshid, E. (2008). Electrostatic funneling of substrate in mitochondrial inner membrane
carriers. Proc. Natl. Acad. Sci. U.S.A. 105, 9598–9603.
Webster, T., Tsai, H., Kula, M., Mackie, G. A. and Schimmel, P. (1984). Specific sequence homology and
three-dimensional structure of an aminoacyl transfer RNA synthetase. Science 226, 1315–1317.
Williams, A. M. and Martinis, S. A. (2006). Mutational unmasking of a tRNA-dependent pathway for
preventing genetic code ambiguity. Proc. Natl. Acad. Sci. U.S.A. 103, 3586–3591.
Woese, C. R. (1965). On the evolution of the genetic code. Proc. Natl. Acad. Sci. U.S.A. 54, 1546–1552.
Woese, C. R. (2000). Interpreting the universal phylogenetic tree. Proc. Natl. Acad. Sci. U.S.A. 97, 8392–
8396.
121
Woese, C. R. (2002). On the evolution of cells. Proc. Natl. Acad. Sci. U.S.A. 99, 8742–8747.
Woese, C. R., Olsen, G. J., Ibba, M. and So¨ll, D. (2000). Aminoacyl-tRNA synthetases, the genetic code,
and the evolutionary process. Microbiol. Mol. Biol. Rev. 64, 202–236.
Yang, X. L., Guo, M., Kapoor, M., Ewalt, K. L., Otero, F. J., Skene, R. J., McRee, D. E. and Schimmel,
P. (2007). Functional and crystal structure analysis of active site adaptations of a potent anti-angiogenic
human tRNA synthetase. Structure 15, 793–805.
Zaher, H. S. and Green, R. (2009). Quality control by the ribosome following peptide bond formation.
Nature 457, 161–166.
Zhai, Y. and Martinis, S. A. (2005). Two conserved threonines collaborate in the Escherichia coli leucyl-
tRNA synthetase amino acid editing mechanism. Biochemistry 44, 15437–15443.
Zhang, J. (2003). Evolution by gene duplication: an update. Trends in Ecology and Evolution 18, 292–298.
122
